Mist dr ie 
ook 


PHYSICAL ASTRONOMY, 


FROM 


- 





THK EARLIEST AGES 


To 


THE MIDDL!) OF THE NINETEENTH CENTURY, 


COMPREHENDING 
A DETAILED ACCOUNT OF THE ESTABLISHMENT OF 
THE THEORY OF GRAVITATION BY NEWTON, 


AND ITS DEVELOPEMENT BY HIS SUCCESSORS ; 


WITH AN EXPOSITION OF THE 





oe 
ROBERT BALDWIN, PATERNOSTER ROW, LONDON. 





” 185: 


i) 


CONTENTS. 





Inrnopucrion a . . . . . F . . : *! . 


CHAPTER I. 


Eurly notions of Physical Astronomy.—Newton.—His first Researches ou the sub- 
ject of Gravitation.—Cause of his failure.—Correspondence with Hooke,— 
Resumption of ‘his previous Reséarches.—Law of the Areas.—Motion of a 

+ Body in an Elliptic Orbit, the force tending to the Focus.—Picard.—His Measure- 
ment of an Arc of the Meridian. Complete success of Newton’s Investigation 
relative to the Action of the Earth upon the Moon.—His establishment of the 
Principle of Gravitation in its widest generality-—Consequences he derived from 
it.—'The Principia.—Account of the circumstances connected with its publication. 
~—Halley, Hooke, Wren.—Synopsis of the subjects treated of in the Principia, — 
Laplace's opinion of its merits . . al te . . : . 





CHAPTER II. 


Newton’s Intellectual Character considered in connection with his Scientific Re- 
searches—His Inductive ascent to the Principle of Gravitation—Motion of a 
Body in an Orbit of Variable Curvature.—Attraction of a Spherical Mass of 
Particles.—-Developement of the Theory of Grayitation.—General Effects of 
Perturbation.—- Inequalities of the Moon computed,—<Aid afforded by the Infini- 
tesimal Calevus.—Figure of the Earth.— Attraction of Spheroids.— Precession of 
the Mquinoxes.-—-General accuracy of Newton’s Resulfs.— Anecdotes illustrative 
of his Natural Disposition.-His Death and Interment. . ‘ . 


CHAPTER III. 


Circumstances which impeded the early progress of the Newtonian Theory.—Its 
reception in England—Reception on the Continent.—Huygens, Leibnitz.— 
Researches in Analysis and Mechanics.—Their influence on Physical Astronomy. 
——Problem of Three Bodies.—Motion of the Lunar * Apogee. —Clairaut.— Lunar 
Tables.—Mayer . : . : . - . : . 


CHAPTER IV. 


Perturbations of the Planets.—Inequality of Long Period in the Mean Motions 
of Jupiter and Saturn.— Researches of Euler.—- Perturbations of the Earth— 
Clairaut— Perturbations of Venus— Lagrange.—Ilis investigation of the Problem 

» of Three Bedies.—Sccular Variations of the Planets. Laplace.—His Researches 


PAGE 


33 


4] 


xvi CONTENTS. 
: * PAGE 
on the Theory of Jupiter and Saturn—Invariability of the Mean Distances of the 
__ Planets Oscillations of the Eccentricities and Inclinations.— Stability of the 
Planetary System. 6) ce me ee AT 


, CHAPTER V. 


: Jeregularities of Jupiter and Saturn.—Researches of Lambert, —Lagrange.—Cirenm- 
stances which determine the Secular Inequalities in the Mean Longitude— 
Laplace's Investigation of the Theory of Jupiter and Saturn,—His Discovery of, 
the physical cause of the Long Inequality in their Mean Motions.— Acceleration” 
of the Moon’s Mean Motion.—Hailey.—Dunthorne.—Failure ‘of. Euler and 
“Lagrange to account for the Phenomenon.—Ite explanation by Laplace.—Sécular 

. Inequalities in the Moon’s Perigee and Nodes,— Inequalities depending oi, the 
‘Splteroidal Figure of the Earth.—Parallactic Inequality . er og ete ise OU, 





CHAPTER VI. 


‘Theory of the Figure of the Earth,—Newton.— Huygens.—Maclaurin,—Clairaut, 
—Attraction of Spheroids——D*Alembert.—Legendre.—Theory of Laplace.— 
Motion of the Earth about its Centre of Gravity—Nutation._Bradley —Investi- 
gation of Precession and Nutation;. by D’Alembert—The Tides.—Equilibyiam, 
Thoory.—Researches of Laplace.—Btability of the Ocear.—Libration of (86. 
Moon.—Galileo,— Hevelius.—-Newton,—Cassini—Newton’s Explanition of the |” 
Moon's Physical Libration.—Researches of Lagrange-—Combination of. the Prin- 
ciple of Virtual Velocities with D’Alembert's Principle—Laplace’ investigates the 
Effect of the Secular Inequalities of the Mean Motion upon the Libration' in 
Longitude,—His Theory of Satum’s Rings 6.2 ee . wae, 66 


CHAPTER VIL ee 





“ Jupiter's Satelites—Galileo—Simon Marius.—Hodierna.—Borelli.—Cassini.— His 
first Tables.—He is invited to France.—He publishes his second Tables.~~His 
Rejection of the Equation of Light.—Researches of Maraldi J.—He discovers 
that the: Inclination of the second Satellite is variable.—Bradley’s Discoveries,~ 
Maraldi I:—His Discoveries relative to the third and fourth Satellites. —-He adopts 
the Equation of Light.—Wargentin —He discovers the Inequilities in Longitude 
of the first and second Satellites—He remarks that the third Satellite has twa 
Equations of the Centre——Motion of the Nodes of the fourth Satellite-—Inclina. 
tion of the third Satellite Libratory Motion of the Nodes.—TInclination of the 
fourth Satellite. 7 Se ee ee eer eet 7 4 16 


CHAPTER VIII. 


Physical Theory of the Satellites—-Newton.— Euler.— Walmsley.— Bailly computes 
the Perturbations of the Baseline emartes rem —He obtains for 
each Satellite four Equations of the Centre and fdr Equations of Latitude — 
His mode of representing the Positions of the Orbits.—Inutility of his Theory in 
the Construction of Tables—Laplace—His Explanation of the constant Rela- 

~ tions between the Epochs and Mean Motions of the three interior Satellites, He 
completes the Physical Theory of the Satellites—Delambre—He calculates 
Tables on the Basis of Laplace’s Theory—He determines the Maximum Value of 
Aberration by means of the Eclipses of the first Satellitg—Agreement of his: 
Result with Bradley’s.—Conclusions derivable from it = - = 7G . 87% 





CONTENTS. *xvil: 


CHAPTER IX. 
PAGE 
Secular Variations of the Planets.Elements of the Terrestrial. Orbit.— Variations of 
the Eccentricity.— Motion of the Aphelion.—Obliquity of the Ecliptic.—Its secu- 
lar Variation computed by Theory.—Euler:—-Lagrange.— Laplace.— Influence of 
the displacement of the Ecliptic on the length of the tropical Year.—Indirect Action 
of the Planets on the terrestrial Spheroid.—Itseffect in restricting the Variations of 
the Obliquity of the Ecliptic and the length of the tropical Year.—Invariable Plane 
of the Planetary System.—Theory of Comets.—Hevelius,—Borelli— Dirfel.— 
Subjection of the Motions of Comets to the Theory of Gravitation by Newton.— 
Halley. — Clairaut— Researches of Lagrange on Cometary Perturbation.— Lexel’s 
Comet.— Its perturbations investigated by Laplace.— Publication of the Mécanique 
Céleste.— General Reflections on the Progress of Physical Astronomy =. - 97 


CHAPTER X. 


Variation of the Mean Distances of the Planets.—-Researches of Poisson.—The 
Theory of Planetary Perturbation resumed by Lagrange and Laplace—Uni- 
formity of the results arrived’ at by ‘these Geometers—The General Theory of 
the Variation of Arbitrary Constants established by Lagrange.— Researches of - 
Poisson on this subject.—Death of Lagrange.—Researches of Modern Geometers 
on the Theory of Perturbation.—Method of Hansen.—Developement of the 
Perturbing Function, —Burchardt.—Binet.—New Methods devised for obtaining 
the coefficients of the Perturbing Function.— Secular Inequalities of the Planets. 
~—Researches of Le Verrier. Theory of the Moon. ~ Irregularities of the Epoch. 
—Equation of Long Period.—Researches of Damoiseau, Plana, and Carlini.— 
Lunar Tables calculated by means of the Theory of Gravitation.—Researches of 
Lubbock and Poisson.—Reduction of the Greenwich Observations.—Discovery 
of the True Cause of the Irregularities of the Moon’s Epoch, by Hansen.—Re- - __ 
searches for the purposes of determining the Value of the Moon’s Mass. —.:109 


CHAPTER XI. 


Theory of the Perturbations. of the larger Planets-Theory of Mercury.—Re- 
searches of Le Verrier.—-Theory of Venus.—Determination of its Mass.—Theory 
of the Earth.~-Solar Tables.—Delambre.—Long Inequality depending on the 
Action of Venus discovered by Airy.—Theory of Mars.—Evaluation of its 
Mass.—Theory of Jupiter.—Calculation of the Terms of the Long Inequality 
involving the Fifth Powers of the Eccentricities.—Researches of Piana.—Cor- 
rection of the value of Jupiter's Mass—Theory of Saturn.— Researches relative to 
the determination of its Mass.—Theory of: Uranus.—Its anomalous Irregularities. 
—Diseovery of an Exterior Planet by means of them.—Theory of the Smaller 
Planets. Hansen. Lubbock.—Theory of Comets.—Researches on the Motion of 
Encke’s Comet.— Hypothesis of a Resisting Medium.—Perturbations of Halley's 
Comet calculated.— Satellites of Jupiter, Saturn, and Uranus.—Determination of 
the Mass of Saturu’s Ring, by Bessel.—Libration of the Moon.—Nicollet.—Theory 
of the Figure of the Earth,— Researches of Ivory on the Attraction of Elliptic Sphe- 
roids. Experiments with the Pendulum.—Mean Density of the Earth.—Motion 
of the Earth about its Centre of Gravity.—Poisson.—Researches on the Tides. 
— Oscillations of the Atmosphere.—-Experiments of Colonel Sabine . . . 123 


CHAPTER XII. 


Introductory Remarks.—Aucient Observations of Uranus.—Calculation of Tables 
- of the Planet by Delambre.— Tables of Bouvard.—Irregularities of the Planet.— 
i 


* xviii “ CONTENTS. 


PAGE 
Speculations respecting their Origin.— Errors of Radius Vector.— Researches of 
Geometers,—Bessel.— Adams.—Inverse Problem of Perturbation.—Account of 
Adams’ Researches relative to the existence of a Planet exterior to. Uranus.-—Re- 
sults obtained by him.—Researches of the French Astronomers on the Theory of 
Uranus.—Eugene Bouvard.—Le Verrier.—Account of his Researches.—Near 
Agreement of his Results with those of Adams.—Steps taken by Airy and Challis 
for the purpose of discovering the Planet.—New Results obtained by Adams.— 
Explanation of Errors of Radius Vector.— Account of the second part of Le Ver- 
rier’s Researches on the Trans-Uranian Planet.—Address of Sir John Herschel 
at Southampton.—The Planet discovered at Berlin by Galle—Admiration 
excited by the Discovery.—Account of Challis’ Labours.—Public Announce- 
ment of Adams’ Researches—Impression produced by it—Historical Statement 
of the Astronomer Royal.— Publication of the Researches of Le Verrier and 
Adams.—Remarks suggested by the Discovery of the Planet . . ‘ « 164 


- CHAPTER XIil. 


The Elements of the Planet Neptune deduced from Observation —They are found 
to be discordant with the Results of Theory—The cause of Discordance as- 
signed.—The Planet observed by Lalande.—Theory of its Perturbations.—Re- 
searches on the value of its Mass.— Uncertainty respecting this Element.—Re- 
searches of M. Hansen onthe Lunar Theory.—Conclusion of the History of 
Physical Astronomy . . rr ee Jan ae re +. 201 


CHAPTER XIV. 


Rescarches on the Solar Parallax.—-Modern Determinations of this Element.— 
Discovery of the Solar Spots.-—Consequences deduced from this Discovery.— 
Period of the Sun’s Rotation. —-Theories of the Solar Spots.—Wilson.— Herschel. 
—Researcbes on the Lunar Parallax.—Ellipticity of Mercury.— Researches on 
the Rotation of Venus.-—Discovery of the Ultra-Zodiacal Planets—Microme- 
trical measures of Jupiter’s Satellites—Micrometrical measures of Saturn, and of 
his Ring.—Discovery of the eighth Satellite of Saturn.—Researches on the 
Satellites of Uranus.—Lassell’s Discovery of the Satellite of Neptune.—Re- 
searches on Comets.— Halley’s Comet.—Comet of 1843. . : . - 2 


CHAPTER XV. 


General Aspect of Comets.—Translucency of Cometic Matter—Structure and Di- 
mensions of the Envclope.—Description of the Tail.--Its Direction and Curva- 
ture.—Peculiarities of Structure.—Dimensions.— Phenomena observed during 
the Passage of Comets through their Perihelia—Comet of Halley——Comet of 
1799.— Variation of the Volume of Comets.—Hevelius.—Newton.— Struve. 
Hersche].— Dissolution of Comets.—Historical Statement of Ephorus.—Comet 
of Biela— Developement of the Tail—Comet of 1680.—Comet of 1769.— 
Anomalous Appearances in the Tail.—Instances of Remarkable Comets.—Hypo- 
theses respecting their Physical Constitution.—Theories of the Variation of a 
Comet’s Volume.—Newton — Valz.—-Hersche].—Theories of the Tails of Comets. 
~—Kepler.—-Newton.—Electrical Theory——Light of Comets—Appearance of 
Phases. — Cassini. -~ Cacciatore. — Polarization of the Light of Comets.—Re- 

es of Arago.— Question respecting the ‘Solidity of Comets.—Newton.— La- 

mallness of a Comet’s Mass.----Ultimate condition of Cometary Bodies. 

—Opinions of Newton, Laplace, and Herschel on this point : 2 . 292 











CONTENTS. ¥xix: > 


CHAPTER XVI. 
i 


: Importance of Pacts in the Cultivation of Physics.— Astronomy a Science of Ob- 
servation. — Inequalities which affect the apparent Positions of the Celestial Bodies, 
—Precession.—Its Discovery by Hipparchus.—Researches of Modem Astro- 
homers on its Value,—Bessel.—Peters.—Otto Struve.—Refraction.—Its Effect 
upon the Place of a Celestial Body first remarked by Ptolemy.—Opinion of 
Tycho Brahé respecting its Nature.—The first Theory of Refraction due to 
Cassini.—His Table of Refractions—Newton.—His Correspondence with Flam- 
steed on the subject of Refraction—Formula of Bradley.—French Tables of 
Refraction.—Researches of Bessel.— Aberration. —Its Discovery by Bradley. 
Modern Determinations of its Value.—Nutation discovered by Bradley.—Its most 
approved Value.—Researches on Parallax.—Methods for facilitating the Reduction 
of Observations.—-Method of Bessel.—Physical Causes which more especially 
affect the Aspect of the Celestial Bodies.—Diffraction.—Irradiation . ‘ 7‘ 


CHAPTER XVII. - 


Eclipses of the Sun and Moon.—Historical Statement of total Ectipses of the Sun. 
——Annular Eclipses observed in modern ‘Times.—Change of Colour which the 
Sky undergoes during an Eclipse.—Its Explanation by M. Arago.—Corona of 
Light observed around the Moon.—Allusions made to it by Ancient Authors, — 
Explanations of its physical Cause by different Individuals.—Protuberances on 
the Moon's Limb.—Their most probable Nature.—-Observations on the Surface 
of the Moon during Eclipses.—Undulations observed on the Occasion of the 
Eclipse of 1842.—Similar Phenomena observed during the Eclipse of 1733, — 
Explanation of their Origin.—Optical Phenomena observed during Solar 
Eclipses.—Threads, Beads, &c.—Explanation of their Origin, —Lunar Eclipses, 
—Transits of Venus.—Physical Appearances observed during their Occurrence.— 
Transits of Mercury.—Spot observed on the Planet’s Disk.—Its Explanation by 
Professor Powell,—-Occultations of the Planets and Stars SS se 


CHAPTER XVIII. 


Early Methods of observing the Cclestial Bodies.—Instruments of the Greek 
Astronomers.— Accurate Principles of Observation first employed by the Astro- 
nomers of the Alexandrian School.—Improvements effected by Hipparchus.— 
Ptolemy substitutes the Quadrant for the Complete Circle. — Arabian Astronomers, 
~The Method by which they indicated the Time of an Observation. —Revival of 
Practical Astronomy in Europe.—Labours of Waltherus.—Tycho Brahé.—Land- 
grave of Hesse —Hevelius.— Close of the Tychonic School of Observation.— 
Observatory of Coperihagen established.—The Pendulum applied to Clocks by 
Huyghens.—The Royal Society of London, and the Acadeiny of Sciences of 
Paris, established.—Invention of the Micrometer.— Application of the Telescope 
to divided Instruments.— Observatories of Paris and Greenwich established, — 
Labours of Roemer.— Transit Instrument invented,—The use of Circular Instru- 
ments for taking Altitudes introduced.—Labours of Flamsteed and Halley, — 
Royal Observatory of Paris. Commencement of the Era of accurate Observa- 
tion. — Bradley. — Lacaille.—Mayer.—Maskelyne. — Pond.—Airy.—Reduction 
of Planetary and Lunar Observations.— Present state of Practical” Astronomy 


CHAPTER XIX. 


Catalogues of the Fixed Stars —Their importance as forming the Groundwork of 
e Astronomical Science.— Earlier Catalogues. —Ptolemy.—Ulugh Beigh.—Tycho 


PAGE 


316 


» 434 


#xx CONTENTS. 


PAGE 


Brahé. — Halley.—Hevelius,— Flamsteed.— Modern Catalogues. —Bradley.— La- 
caille.—Mayer.—Maskelyne,— Publication of the Histoire Céleste of Lalande.— 
Piazzi— Groombridge. Zone Catalogues of Stars.—Bessel.— Argelander.— San- 
tini.— Catalogue of the Astronomical Society.—Catalogues of Southern Stars,— 
Fallows.—Brisbane.— Johnson. — Henderson.— Standard Catalogues of Stars.— 
Catalogue of the British Association.—Recent Standard Catalogues . 


CHAPTER XX. 


Early Notions of the Telescope.—Invention of the Telescope in Holland.— Galileo 
constructs a Telescope.—Kepler proposes the Telescope composed of Two 
Convex Lenses.—This Instrument first applied to Astronomical Purposes by 
Gascoigne.—Telescopic Observations of Huyghens and Cassini.—Reflecting 
Telescope proposed by Gregory.—Newton executes a Reflecting Telescope.— 
Efforts of his Successors to construct these Instruments.—Invention of the Achro- 
matic Telescope by Dollond.—Reflecting Telescopes executed by Herschel. — 
Modern Improvements in the Refracting Telescope. — Improvements in the Con- 
struction of Reflecting Telescopes.— Lassell.— Lord Rosse . 


CHAPTER XXI. 


Origin of Stellar Astronomy.—Physical Changes observed in the Starry Regions. 
Disappearance of Stars from the Heavens.—New Stars.—Stars of Variable 
Lustre—Photometric Researches on the Stars.—-Attempts to determine their 
Apparent Diameters.—Space-penetrating Power of Telescopes.—Applied to 
ascertain the relative Distances of the Stars, Absolute Distances of the Stars 
determined by Photometric Principles.— Parallax of the Fixed Stars.—Early 
Researches on the Subject.— Modern Researches. — Besse].— Henderson.-— 
Struve.—Peters.—-Proper Motions of the Stars.—Motion of the Solar System in 
Space._Double Stars, — Discovery of their Physical Connexion by Sir William 
Herschel.—-Methods for determining the Elements of their Orbits.—Nebule.—- 
Speculations of Sir William Herschel.—Modern Researches on the Subject. — 
Sir John Herschel. —The Earl of Rosse.—Early Speculations on the Milky Way. 
Theory of Wright.—Observations of Sir William Herschel.—Speculations of 
that Astronomer on the breaking up of the Milky Way.—-Researches of Struve 
on the Distribution of the Stars in Space.—Ganges of Sir John Herschel in 
the Southern Hemisphere.—Speculations of M. Struve on the Extinction of 


- 506 


. 54 


Light in its Passage through Space a . . . 587 
APPENDIX. 
I.—Iustrations of Planetary Perturbation . . : . : « 583 
1.—Examination of some cases of actual Perturbation which occur in the Plane- 
tary System. . . . . . . . . . - - 504 
UL—Reflections on certain circumstances connected with the Discovery of the 
Planet Neptune * E a ‘ o * . e - 603 
IV.— Remarks on the Lunar Tnequality termed the Evection - 618 
V.—Note respecting Horrocks . c we San - oe + 621 
VI.—Account of some recent Results of Astronomical Observation 622 


VII.— Copy of the Observation of y Draconis which originally suggested to Bradley 
his Discovery of the Aberration of Light. . . ts . . 


- 624, 


Mist dr ie 
ook 


PHYSICAL ASTRONOMY, 


FROM 


- 





THK EARLIEST AGES 


To 


THE MIDDL!) OF THE NINETEENTH CENTURY, 


COMPREHENDING 
A DETAILED ACCOUNT OF THE ESTABLISHMENT OF 
THE THEORY OF GRAVITATION BY NEWTON, 


AND ITS DEVELOPEMENT BY HIS SUCCESSORS ; 


WITH AN EXPOSITION OF THE 





oe 
ROBERT BALDWIN, PATERNOSTER ROW, LONDON. 





” 185: 


i) 





LONDON 


GEORGE WOODFALL AND SON, 
ANGEL COURT, SKINNER STREET, 





KIILc.2 


fh 





PHYSICAL ASTRONOMY. 





INTRODUCTION. 


Astronomy is not only one of the most ancient of the physical sciences, » 
but also one of those which present the most alluring invitations to the. 
contemplative mind. ‘The starry heavens, spangling with countless Jumi- 
naries of every shade of brilliancy, and revolving in eternal harmony 
round the earth, constitute one of the most imposing spectacles which 
nature offers to our observation. The waning of the placid moon, the 
variety and splendour of the constellations, and the dazzling lustre of the 
morning and evening star, must in all ages have excited emotions of ad- 
miration and delight. Sometimes the occurrence of an eclipse, or the 
sudden appearance of a comet, would create universal astonishment and 
terror; for these unusual phenomena have been generally regarded ‘in 
early times as manifestations of divine displeasure, and the precursors of 
some impending calamity. But the wants of mankind rendered indis- 
pensable some degree of attention to the appearance of the heavens, even 
in the rudest state of society. The sun and moon minister so obviously 
to our subsistence and comfort, that their motions could not fail to be 


_ watched with interest in all ages. The stars, too, would soon be found 


to subserve some useful purposes. The mariner would find in them an 
unerring guide, while pursuing his way through the ocean; and the hus- 
bandman, by observing the times of their rising and setting throughout 
the year, would obtain indications of the change of the seasons, and would 
thereby be enabled to regulate the labours of the field. 

But a powerful incentive to study Astronomy’ in early ages originated 
ina delusive opinion, that the destinies of human life were affected by 
the aspects and positions of the stars. Nor is it to be wondered at that 
these unapproachable objects should have been invested with a mysterious 
influence before science had disclosed their real nature. If the sun, by 
advancing with majestic regularity in his annual course, exercised so be- 
niga an influence on the animal and vegetable world, the planets, on the’ 
other hand, by their wayward evolutions and ever varying configurations 
appeared, naturally enough to minds imbued with imperfect notions of the 
purposes of creation, meetly to foreshadow the countless vicissitudes. of 
human life. Hence the phenomena of the planetary movements were 
watched with feelings of superstitions awe; and all the particulars relat- 
ing to them were carefully recorded for future guidance. 

‘tt is in Asia, the seat of all the early inventions of mankind, that we 
discern the dawn of this sublime science. The annals 6f the Chinese con- 
tain the earliest records of celestial phenomena ; but the Chaldean observ- 

. B 


eng! are more interesting to n recoun 

with modern astronomy. . The serene skies and mi 

Asia were eminently favourable | seipes iting tle heavens. poco 

ingly we find that at Babylon eclipses and other phe ‘i w : 

ously observed from a very rémote antiquity. ; ; - 
But mere observation cannot constitute seience"Fact however care 









before any val conclusions can be derived from ‘them, relative to the 

ements of the material universe. The .astronomers of Asia, al- 
_ though patient observers, do riot appear to have in any age aspired to this. 
. more exalted occunation of the mind, The Greeks first reduced the 





object was not, however, effected during the early period of Grecian his- 
tory. ‘The Chaldeans, by confining their attention to the mere occurrence | 
of phenomena, were unable to arrive, at general views of the celestial 
motions ; the philosophers of the Grecian schools, on’ the other hand, Jong 
wasted their transcendent talents in groundless s which were 
oqually ineffectual in producing any permanent influence on the progress 
Astronomy, . 
Amid the numborless ideas which perpetually occurred to the specula- 
tiye minds of the Greek philosophers, it is perhaps not surprising , 
~._ the true system of the world should haye suggested itself to them, Py- 
_ ~thiagoras is said to have tanght. his followers that the sun is placed im- 
moveable in the centre of the universe; and that the earth moves round 











fully recorded, must be subsequently scrutinized, compared, and classified, ~ 


Knowledge relative w the celestial motions into a systematic’form, This — 
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_ him in an annual orbit. This system was first taught publicly by Pes a | 
‘icetas of Syra- 


3 ‘Tolaus, and was adopted by several ancient philosophers. 

~_ euse, on the other hand, is said to have explained the diurnal appearance 
__ of the heavens by the motion of the earth round a fixed axis. ‘Tho ulti- 
~ mate abandonment of these sublime doctrines by the Greek philosophers, 
Bs heen attributed to the hostility of the Aristotelians, who had placed 
the earth immoveable in the centre of the universe. It is doubi how- 

ever, whether they were at any time supported by sound arguments dr: 
from observation. We know at least that the Pythagoreans,, like the 
‘other sects of the Greek philosophers, were more prone to indulge in 

ation than to examine facts, pire 

__ Tt was not until the reign of the Ptolemies commenced at Alexandria, 
that Astronomy, under the munificent patronage of those princes, was 
cultivated as a science of observation and theory. Hirrarcnus, who 
flourished about the year 160 a.c,, is the most illustrious astronomer of 
antiquity, The island of Rhodes is known to have been the principal 
\ scene of his labours, He is also. alleged to have made prea 
\ Alexandria; but this is a point which cannot be easily decided. This 
\ great man was at once.a mathematician, an observer, and a theorist ; and 
in all these capacities he exhibited powers of genius of the highest order : 
‘only two or three individuals can rank with him in the history of physical 
_ science. We owe to him the earliest of the stars, and the 
<~ first theories of the sun and moon, in which their motions were submitted 
« tostrict calculation. He also exeented the greater portion of the observ- 
, ations for a similar theory of the planets; discovered the precession of 
3 _ the eq-inoxes, and invented the sciences of plane and spherical trigono- 
- metry. He represented the motions of the sun and moon by means of 
 epicyeles revolymy on circular orbits. This ingenious hypothesis had 
been already imagined by the Greek philosophers; but it proved of little 
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value so long as it was unaccompanied by a caleulus. Hipparchus sup- 
plied this desideratum by his invention of trigonometry, and computed 
tables of the sun and moon. The epicyclical theory did not indeed 
accord with the real state of the heavens; but it served the valuable pur- 
pose of enabling the astronomer to group together the facts derived from 
observation, and to predict the places of the celestial bodies with all the 
accuracy demanded by the existing condition of practical science. Nor 
should it be forgotten, in estimating the merits of this theory, that it was 
by a comparison of its results with those derived from actual observation 
that the real nature of the planctary motions was finally discovered. 

The most eminent astronomer of ancient times after Hipparchus is 
Prozemy, who flourished about the year 140 a.p, He-devoted his atten- 
tion chiefly to the task of extending and improving the theories of Hip- 
parchus. He established the theory of the planets in accordance: with 
the principles of that astronomer. He also discovered the inequality in 
the moon's longitude, termed the evection, and was the first who pointed 
out the effect of refraction in altering the place of a heavenly body. He 
is the author of a treatise on Astronomy called in Greek the Syntaxis, 
but which has been more frequently designated by the Arabian name of the 
Almagest. This work, which has come down to us entire, is remarkable 
for containing nearly all the knowledge we possess of the ancient Astro- 
nomy. Ptolemy adopted as the basis of his work, the system of the world 
which places the carth immoveable in the centre of the universe, the sun, 
moon, and planets revolving severally in orbits of different magnitudes, 
and the whole heavens turning round it every twenty-four hours. This 
system has been termed the Ptolemaic, because it was defended by the:: 
author of the Syntaxis; but, if we are to look for its origin, we must ag 
cend to a much higher antiquity. = 

With the irruption of the followers of Mahomet into Egypt, and the 
destruction of the famous library of Alexandria, about the middle of the 
seventh century, the science of Astronomy, which had long been declining 
among the Greeks, finally ceased altogether to be cultivated by that 
people. The Arabians, who now succeeded to the empire of the civilized 
world, devoted themselves with laudable assiduity to the study of the 
Greek authors, and Bagdad henceforth assumed the place of Alexandria, 
as the centre of literature and philosophy. Astronomy was cultivated by 
them with great ardour ; but, lilce all other oriental nations, they exhibited 
an incapacity for speculation, and consequently the science did not acquire 
any extension from their labours. They generally adhered with super: . 
stitious reverence to the theories of the Greek astronomers, which they 
sought to amend only by means of more accurate observations. In the 
practical department of the science they indeed displayed a marked 
superiority to their masters, whose natural genius was averse to the 
Monotonous, task of observation. The Arabian astronomers may be said 
to have acted merely as the faithful guardians of science until the progress 
of events transferred it to a tace of greater intellectual vigour. 

After ages of profound slumber, Western Europe finally awoke to 
pursue her glorious career. In the ninth and tenth centuries, several 
enlightened persons travelled from France and England into Spain, to 
study mathematics and astronomy at the Moorish universities, and upon 

etheir return home diffused a knowledge of those sciences among their 

. countrymen. In the thirteenth century the Almagest was translated 

. from Arabic into Latin, under the auspices of the emperor Frederick the 
+ BQ 


ly INTRODUCTION. 


Second. This step was attended with the most beneficial consequences to 
the study of Astronomy, which was now rendered generally accessible to 
persons of learning throughout all those countries where the Latin 
language prevailed. In the thirteenth century, Alphonso X., King’ of 
Castile, conferred a great benefit on seience by causing the publication of 
new tables of Astronomy. They were executed at an immense expense, 
under the superintendence of the most eminent astronomers who could be 
found at the Moorish universities. Alphonso is reported to have said of 
the prevailing system of Astronomy, teeming with 


“ Cycle upon epicycle, orb on orb,” 


that if the Deity had consulted him at the creation of the world he would 
have given him good advice. This remark, though irreverent in the 
highest degree, was doubtless meant to convey a censure upon the cumbrous 
mechanism by which the system of the world was represented, rather than 
upon the actual arrangements of the system itself, 

About the close of the fifteenth century the study of Astronomy received 
a great impulse from the labours of Purbach and Regiomontanus, two’ 
Gormans of very original genius. They introduced some modification of 
the ancient theories, and improved the methods of calculation. Nearly 
about the same time the art of observation was revived by Waltherus, an 
astronomer of considerable merit, and a native also of Germany. 

Nicnonas Coprrnicvus, the restorer of the true system of Astronomy, 
was born at Thorn, a town in Polish Prussia, on the 12th of February, 
1473*. This illustrious man was gifted with a profound sagacity, which 
enabled him to distinguish the genuine principles of nature from the 
contrivances of the human imagination. He had long meditated on the 
system of the world, and was struck with the complication of the theory 
representing it when contrasted with the harmony which everywhere 
pervaded the arrangements of creation. The earth was placed immoveable 
in the centre of the universe, while the sun, moon, and planets, and even 
the starry heavens, revolved round it with inconceivable velocities. He, 
however, considered it impossible to reconcile this hypothesis with the 
variable appearance presented by the superior planets in different parts of 
their orbits relative to the sun. He remarked especially that when Mars was 
in opposition, he almost rivalled Jupiter in brilliancy, while towards conjunc- 
tion he dwindled toa star of the second magnitude. This fact appeared to 
him to offer irresistibly conclusive evidence that the earth could not be the 
centre of the planet's motion. He now began to ponder upon the opinions of 
some. ancient philosophers on this subject. He found in the writings of 
Martianus Capella an opinion ascribed to the Egyptians, which supposed 
Mercury and Venus to revolve in orbits round the sun, while they 
accompanied him in his annual motion round the earth. He perceived 
that this theory would offer a most satisfactory account of the alternate 
appearance of the planets on each side of the sun, and would also deter- 
mine the limit of their digressions. The increasing magnitude- of the 


* Some writers of Germany have represented Coperniens as a native of that coun! : 
this is, however, a mistake, for he was of Selwonic extraction. His grandfather, Nictiolas 
Copertius, was a native of Bohemia, but about the close of the fourteenth century he 
removed to Poland aud established himself in Cracow. His name appears inscribed in the 
records of Cracow asa citizen of that place in the year 1896. His Bohemian origin was 
attested by the citizen Dambrowa. Sce Kopernik et ses Travaux, par Czynski, Paris, 
1847. 
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value so long as it was unaccompanied by a caleulus. Hipparchus sup- 
plied this desideratum by his invention of trigonometry, and computed 
tables of the sun and moon. The epicyclical theory did not indeed 
accord with the real state of the heavens; but it served the valuable pur- 
pose of enabling the astronomer to group together the facts derived from 
observation, and to predict the places of the celestial bodies with all the 
accuracy demanded by the existing condition of practical science. Nor 
should it be forgotten, in estimating the merits of this theory, that it was 
by a comparison of its results with those derived from actual observation 
that the real nature of the planctary motions was finally discovered. 

The most eminent astronomer of ancient times after Hipparchus is 
Prozemy, who flourished about the year 140 a.p, He-devoted his atten- 
tion chiefly to the task of extending and improving the theories of Hip- 
parchus. He established the theory of the planets in accordance: with 
the principles of that astronomer. He also discovered the inequality in 
the moon's longitude, termed the evection, and was the first who pointed 
out the effect of refraction in altering the place of a heavenly body. He 
is the author of a treatise on Astronomy called in Greek the Syntaxis, 
but which has been more frequently designated by the Arabian name of the 
Almagest. This work, which has come down to us entire, is remarkable 
for containing nearly all the knowledge we possess of the ancient Astro- 
nomy. Ptolemy adopted as the basis of his work, the system of the world 
which places the carth immoveable in the centre of the universe, the sun, 
moon, and planets revolving severally in orbits of different magnitudes, 
and the whole heavens turning round it every twenty-four hours. This 
system has been termed the Ptolemaic, because it was defended by the:: 
author of the Syntaxis; but, if we are to look for its origin, we must ag 
cend to a much higher antiquity. = 

With the irruption of the followers of Mahomet into Egypt, and the 
destruction of the famous library of Alexandria, about the middle of the 
seventh century, the science of Astronomy, which had long been declining 
among the Greeks, finally ceased altogether to be cultivated by that 
people. The Arabians, who now succeeded to the empire of the civilized 
world, devoted themselves with laudable assiduity to the study of the 
Greek authors, and Bagdad henceforth assumed the place of Alexandria, 
as the centre of literature and philosophy. Astronomy was cultivated by 
them with great ardour ; but, lilce all other oriental nations, they exhibited 
an incapacity for speculation, and consequently the science did not acquire 
any extension from their labours. They generally adhered with super: . 
stitious reverence to the theories of the Greek astronomers, which they 
sought to amend only by means of more accurate observations. In the 
practical department of the science they indeed displayed a marked 
superiority to their masters, whose natural genius was averse to the 
Monotonous, task of observation. The Arabian astronomers may be said 
to have acted merely as the faithful guardians of science until the progress 
of events transferred it to a tace of greater intellectual vigour. 

After ages of profound slumber, Western Europe finally awoke to 
pursue her glorious career. In the ninth and tenth centuries, several 
enlightened persons travelled from France and England into Spain, to 
study mathematics and astronomy at the Moorish universities, and upon 
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Second. This step was attended with the most beneficial consequences to 
the study of Astronomy, which was now rendered generally accessible to 

ersons of learning throughout all those countries where the Latin 
language prevailed. In the thirteenth century, Alphonso X., King of 
Castile, conferred a great benefit on science by causing the publication of 
new tables of Astronomy. They were executed at an immense expense, 
under the superintendence of the most eminent astronomers who could-be 
found at the Moorish universities, Alphonso is reported to have said of 
the prevailing system of Astronomy, teeming with 


*« Cycle upon epicycle, orb.on orb,” 


that if the Deity had consulted him at the creation of the world he would 
have given him good advice. This remark, though irreverent in the 
highest degree, was doubtless meant to convey a censure upon the cumbrous 
mechanism by which the system of the world was represented, rather than 
upon the actual arrangements of the system itself. 
About the close of the fifteenth century the study of Astronomy received 
a great cou eee from the labours of Purbach and Regiomontanus, two 
Germans of very original genius. They introduced some modification of 
the ancient theories, and improved the methods of calculation. Nearly 
about the same time the art of observation was revived by Waltherus, an 
astronomer of considerable merit, and a native also of Germany. 
Nicnoxas Coprrnicus, the restorer of the true system of Astronomy, 
was born at Thorn, a town in Polish Prussia, on the 12th of February, 
4473*. This illustrious man was gifted with a profound sagacity, which 
enabled him to distinguish the genuine principles of nature: from the 
contrivances of the human imagination. He had long meditated on the 
system of the world, and was struck with the complication of the theory 
representing it, when contrasted with the harmony which everywhere . 
__pervaded the arrangements of creation. The earth was placed immoveable 
in the centre of the universe, while the sun, moon, and planets, and even 
the starry heavens, revolved round it with inconceivable velocities. He, 
however, considered it impossible to reconcile this hypothesis with the 
_ Variable appearance presented by the superior planets in different parts of 
their orbits relative to the sun. He remarked especially that when Mars was 
in opposition, he almost rivalled Jupiter in brilliancy, while towards conjunc- 
tion he dwindled to a star of the second magnitude. This fact appeared to 
him to offer irresistibly conclusive evidence that the earth could not be the 
centre of the planet’s motion. He now began to ponder upon the opinions of 
gome ancient philosophers on this subject. He found in the writings of 
Martianus Capella an opinion ascribed to the Egyptians, which supposed 
Mercury and Venus to revolve in orbits round the sun, while they 
accompanied him in his annual motion round the earth. He perceived 
that this theory would offer a most satisfactory account of the. altetnate 
appearance of the planets on each side of the sun, and would also deter- 
mine the limit of their digressions. The increasing magnitude of the 


* Copernicus died in the year 1543. He was of Sclavonic extraction. His-grand~ 
father, Nicholas Copernicus, was a native of Bohemia; but about the close of the four- 
teenth century he removed to Poland, and established himself in Cracow. His name 
appears inscribed in the records of that city for the year 1896. His Bohemian-origin was 
hy attested on the occasion of his enrolment. 
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superior planets as they approached towards opposition, when contemplated 
-jn connexion with this doctrine, naturally led him to conccive that they 
also might probably revolve round the sun as the centre of their motions. 
Phis conclusion.was strengthened by the opinion of Pythagoras, who had 
placed the sun immoveable in the centre of the universe, and assigned to 
‘the earth an annual motion in theecliptic. Finally it oceurred to him, that 
Nicetas, of Syracuse, and some other ancient philosophers, had supposed 
the heavens to be at rest, and sought to cxplain their diurnal changes by 
ascribing to the earth a motion round a fixed axis. Having reflected 
profoundly upon these various principles, he found that, by combining 
them together, the resulting system accounted with the most scrupulous 
fidelity for all the phenomena of the celestial motions, while it was 
distinguished by a union of harmony and simplicity which admirably 
accorded with the general economy of nature. The alternate vicissitudes 
of night and day, the varied circle of the seasons, the stations and retro-. 
gradations of the plauets, and their variable appearance at different times 
“of the year, all offered themselves as immediate consequences of this 
* beautiful system. 

According to Copernicus, then, the sun is placed immoveable in the 
centre of the universe, and all the planets, including the earth, revolve 
round him in the order of the signs in concentric orbits, Mercury and 
Venus revolving within the earth's orbit, and all the other planets without 
it. While the earth is traversing her annual orbit, she is also constantly. 
revolving from west to cast round a fixed axis passing through the celestial 
poles, accomplishing a complete revolution every twenty-four hours, 
Copernicus explained the motion of the moon by supposing her to revolve 
in a monthly orbit round the earth, while at the same time she accompanied 
her in her aunual motion round the sun. He also very ingeniously accounted 
for the precession of the equinoxes, by attributing to the earth's axis a slow 
conical motion in a direction opposite to the apparent motion of the stars. 
This great man has given to the world a full exposition of his principles 
in his famous work, ‘‘ De Revolutionibus Orbiwn Celestium.” It is said, 
that he received the first copy of this work, upon the contents of which 
he had meditated thirty-six years, only a few hours before his death. 

Although Copernicus greatly simplified the system of the world, he 
still retained the machinery of epicycles to represent the motions of the 
‘planets, and therefore left an ample field of research to his successors. 
But before the investigation of the actual form of the planetary orbits 
could be prosecuted with any hopes of success, it was necessary that a 
great improvement should be effected in practical astronomy, The art of 
observation still continued in the same condition in which it existed 
among the Greeks and Arabians. Copernicus was less conspicuous for 
the qualities of an observer than for his sagacity in unfolding the prin- 
ciples of nature. The various tables of astronomy had all fallen con- 
siderably into error, and the necessity of reconstructing them upon a more 
accurate basis appeared indispensable to the future progress of the science. 
It is clear, then, that the present crisis required less a theorist of the first 
order, than an astronomer who might possess sufficient genius and practical 
skill to perfect the methods of observation, to imagine new instruments, 
and by these means to establish a number of accurate facts relajgve to the 
motions of the planets. These qualities were eminently fulfilled in Tycxo 
Brau, whose labours introduce a new era in the art of observation. 
This illustrious astronomer was born in the year 1546 at Knudsthorp, a 
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province of Sweden; then attached to the Danish monarchy. His great 
celebrity induced Ferdinand, king of Denmark, to build for him in the 
island of Huena, at the mouth of the Baltic, a magnificent observatory, 
which he designated by the appellation of Uraniburg, or the City of the 
Heavens. Ilerein he deposited a magnificent collection of instruments, and 
under the munificent patronage of his sovereign he continued to prosecute 
researches in astronomy during a period of nearly twenty years. Several 
important discoveries relative to different branches of the acience, and a 
vast mass of observations, infinitely superior in point of accuracy to any 
that had ever before been executed, were the happy result of his labours. 
Strange to say, he rejected the Copernican system of the world, adopting 
in its stead «system of his own, called, in consequence, the Tychonic. 
According to this system the earth is placed immoveable in the centre of 
the universe, while the sun revolyes in an annual orbit in the ecliptic, 
accompanied by all the planets circulating round him as the centre of their 
motions, The inferiority of this system to the Copernican is 60 obvious 
that it found only a very small number of followers, and it soon fell into 
total oblivion. 

This eminent astronomer, who hed contributed so much towards: the 
glory of Denmark, had the misfortune, in the latter part of his life, to 
incur the hostility of the ministers of his sovereign, Christian VII., who 
succeeded Frederick on the throne. They were mortified to find them- 
selyes completely eclipsed by their illustrious countryman, who had won 
his laurels in a field which they had been always accustomed to regard 
with contempt. ‘They were especially chagrined on account of the number 
of distinguished individuals who annually resorted from all parts of 
Europe to the island of Huena, to pay their respects to its renowned 
inhabitant. Under the pretence that the finances of the kingdom could 
no longer admit of maintaining the establishment of Uraniburg, they 
totally withdrew from him the revenues which Frederick had assigned to 
him for that purpose; and he was compelled, in consequence, to look out 
for an asylum in a foreign land. He finally. selected Germany as his 
future place of residence. LEmbarking, therefore, in a small vessel with 
his family, after putting on board his books, his instruments, and all his 
effects, he set sail from the beloved scene of his labours,:and bade a final 
farewell to his ungrateful country. He was kindly received by the Em- 
peror Rodolph, who bestowed on him the appointment of imperial 
astronomer, and assigned to him a splendid mansion near the city of 
Prague. Ile was uot destined, however, to enjoy long the favours of his 
new patron ; for, only two or three years after his arrival in Germany, he 
was seized with a severe illness, of which he expired on the 14th of Oc- 
toher, 1601, in the fifty-fifth year of his age. 

While the study of Astronomy continues to delight the human mind, 
the name of Tycho Brahé will be held in grateful remembrance. The vast 
extent of this astronomer’s observations, the ingenuity of his methods, 
and the patience and skill which he exhibited im eerrying them inte 
effect, have deservedly earned for him an immortal reputation. He 
did uot indeed scan the heavens with the philosophic eye of a Kepler 
or a Newton, but his labours were no less essential to the progress of 
astronomy, than the more captivating discoveries of these illustrious 
geniuses. Ilis catalogue of the stars, his researches on comets and on 
refraction, and his beautiful discoveries in the motion’ of the moon, will 
remain enduring monuments of his glory. Nor can it be accounted the 
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least of the obligations which posterity owes to him, that his accurate 
observations on the planets were the means of conducting Kepler to the 
discovery of those famous laws which form the groundwork of modern 
Astronomy. 

Few of those philosophers who have extended the boundaries of science 
have accomplished results of equal importance with those due to the illus- 
trious Kerter. This eminent astronomer was born at Wiel, in the 
Duchy of Wirtemberg, in the year 1571. Gifted with a genius of the 
highest order, and a strong tendency towards speculation, he seemed des- 
tined by Providence to effect a complete revolution in the theories of As- 
tronomy. Tycho’s observations on the planets were eagerly seized by 
him; and, after seventeen years of incessant application, during which he 
continued to submit them to a searching scrutiny, he finally arrived at 
those famous theorems which embody the true principles of the system 
of the world. Copernicus, as we have already remarked, did not attack the 
principle of the epicyclical theory: he merely sought to make it more 
simple by placing the centre of tho earth’s orbit in the centre of the uni- 
verse. ‘This was the point to which the motions of the planets were re- 
ferred, for the planes of their orbits were made to pass through it, and 
their points of jee and greatest velocities were also determined with re- 
‘ference to it. By this arrangement the sun was situate mathematically 
near the centre of the planetary system, but he did not appear to have 
any physical connexion with the’ plancts as the centre of their motions, 
The Copernican theory continued in this incomplete state until Kepler, 
in the course of his consummate researches, demonstrated the important 
fact that the planes of the orbits of all the planets, and the lines joining 
their apsids, passed through the sun. ‘This discovery alone, by assigning 
to the sun his just relation to the planets, contributed in a vast degree 
towards a more accurate knowledge of the true state of the solar system. 

Kepler’s famous laws of the planetary motions are known to every 
reader. The first is, that all the planets move in ellipses, haying the sun 
in one of the foci; the second, that a line joining the planet and the sun 
Sweeps over equal areas in equal times; the third, that the squares of the 
periodic times are proportional to the cubes of the mean distances from 
the sun. Kepler was conducted to the first and second of these laws by 
researches on the motion of the planet Mars, the orbit of which, being 
more eccentric than that of any of the other superior planets, exhibited in 
stronger relief the errors of the ancient theories. They were first an- 
nounced by him in the year 1.609, in his famous work, “De Motibus Stelle 
Mortis.”* The third law, although apparently more easy to arrive at, did 
not yield to Ins researches until nine years afterwards. The delight he 
felt upon finding he had discovered this law may be imagined from the 
following passage of his work on ‘‘ Harmonies,” in which he first mentioned 
it. ‘What I prophesied twenty-two years ago, as soon as I discovered 
the five solids among the heavenly orbits—what I firmly believed long be 
fore I had seen Ptolemy's harmonics—what I had promised my friends in 
the title of this book, which I named before I was sure of my discovery 
—what sixteen years ago I urged as a thing to be sought—that for which 
I joined Tycho Brahé, for which I settled in Prague, for which I have 
devoted the best part of my life to astronomical contemplations—at length 
Thave brought to light, and have recognised its truth beyond my most 


* Astronomia Nova, scu Physica Corlestis tradita Commentariis de Motibus Stelle 
Martis, Prage, 1609, 
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sanguine expectations. .. . . . It is now eighteen months since I got the 
first glimpse of light, three months since the dawn; very few days since 
the unveiled sun, most admirable to gaze on, burst out upon me. No- 
thing holds me; I will indulge in my sacred fury; I will triumph over 
mankind by the honest confession that I have stolen the golden vases of 
the Egyptians* to build up a tabernacle for my God far away from the 
confines of Egypt. If you forgive me, I rejoice: if you are angry, I can 
bear it: the die is cast, the book is written; to be read either now or by 
posterity, I care not which: it may well wait a century for a reader, as 
God has waited six thousand years for an interpreter of his works.” + 

This great man was harassed with poverty throughout his whole career. 
He filled the office of imperial astronomer, to which a munificent salary 
was attached; bat he found by sad experience that the remuneration was 
rather nominal than real; for only a miserable pittance of his claims was 
doled out to him at distant intervals; and, in order to prevent his family 
from starving, he was compelled to publish a low prophesying almanack, 
for which he entertained the utmost contempt. In hopes of recovering 
the arrears due to him, he resolved to proceed to Ratisbon and represent 
his claims to the Diet. Pursuant to this design, he set out upon his jour- 
ney in the month of November, 1630, and arrived in Ratisbon worn out 
with ill health and anxiety. In this last appeal to his country he was un- 
happily unsuccessful; and the disappointment he felt in consequence, 
reacting upon his debilitated frame, threw him into a violent fever, which 
caixiéd him off a few days afterwards, in the sixtieth year of his age. 

Kepler was one of those exalted geniuses who appear from time to time 
on the theatre of the world to give an impulse to the progress of physical 
science. In acuteness and sagacity he is equalled among modern philoso- 
phers only by Galileo’and Newton. He did not indeed exhibit the 
wariness of these illustrious sages in his researches, but he compensated by 
his daring adventure for his want of stratagetic skill. Gifted with an ar- 
dent imagination, which revelled in the formation of theories, and possess- 
ing indomitable powers of application, he threw the whole strength of 
his intellectual faculties into his researches, and coutinued to prosecute 
them with unceasing energy, until he assured himself of the truth or 
falsehood of the principles on which they were founded. He was no doubt 
frequently induced, by the specious illusions which conjured themselves 
up before his mind, to waste his powers on a mere phantom; but, even in 
his wildest aberrations, we discern flashes of genius which threw a bright 
glcam upon many obscure points of nature, and served like so many guid- 
ing stars to succeeding philosophers. His candour in dismissing hy- 
potheses as soon as he found them untenable, was no less remarkable than 
the aptitude he evinced in their formation ; and to these valuable qualities, 
combined with the fertility of his inventive powers and his uneonquer- 
able perseverance, may be ascribed the brilliant success with which his 
labours were rewarded. 

The advantages which accrued to the science of Astronomy from Kep- 


* Kepler alludes in this allegory to Ptolemy, who had fixed with remarkable accuracy 
the ratio of the orbit of each planet to the carth’s orbit, or, in the language of the Ancient 
Astronomy the ratio of the deferent to the epicycle. These ratios, slightly corrected by 
Tycho Biahé, formed the data by means of which Kepler was conducted to his great 
discovery. 


Harmonices Mundi, p. 178. See also Life of Kepler, Library of Useful Know- 
1 t Pp. P. 
edge. 
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ler’s labours are obvious to every reader. By his discovery of those re- 
markable laws with which his name has been immortally associated, he 
razed the existing theories to their very foundation, sweeping away the 
whole machinery of cycles and epicycles, with which the human mind in 
the weakness of its earlier investigations had defaced the fair arrangements 
of the Heavens, and introducing in its stead the sublime spectacle of the 
planets revolving with majestic simplicity and harmony in elliptic orbits 
round the sun in the foci. In all his investigations he sought to shape 
his theories so as to accord with the physical principles which he con- 
ceived to govern the cclestial motions; and, although he has nowhere 
succeeded im demonstrating by legitimate reasoning the reality of those 
principles, still the practice which he pursued in this respect had the ad- 
yantage of continually leading him tq concentrate his ideas on the main 
object of his researches, and thereby of finally assuring a triumphant issue 
to his labours. 

Our own island was about this time adorned by a discovery that was 
destined to prove of incalculable advantage to the astronomer in his fu- 
ture labours. It is manifest that, as the observations on the celestial 
bodies continued to acquire greater precision, it became necessary to intro- 
duce a corresponding degree of refinement iuto the calculations to which 
they gave rise. The sines and tangents of arcs, which form the basis of 
such calculations, cannot be expressed in finite numerical terms, and 
therefore admit only of approximate values, which are more accurate in 
proportion to the number of terms they contain. The arithmetical opera-- 
tions performed on such functions become in consequence exceedingly la- 
borious; and this is very apparent when we consider that the questions 
of plane and spherical trigonometry generally consist in finding a fourth 
proportional to three given numbers. ‘The illustrious Narrer**, by his 
mvention of logarithms, supplied astronomers with an easy and universal 
method of abbreviating all such calculations, its effect being to replace 
all operations of multiplication, division, and evolution, by the more com- 
modious and agreeable processes of addition and subtraction. ‘“ This ad- 
mirable artifice,” says Laplace, ‘engrafted on the ingenious algorithm of 
the Indians, by reducing to afew days the work of several months, doubles, 
if we may so speuk, the life of the astronomer, and spares him the errors 
and the disgust inseparable from Iong calculations ; an invention which is 
the more gratifying to the human mind, in 0 far as it has derived it en- 
tirely from its own resources. In the arts man avails himself of the ma- 
terials and forces of nature to increase his power; but here everything is 
his own work.” + 

While Napier was pondering in remote seclusion over his immortal 
invention, and Kepler, amid continual struggles with poverty and mis- 
fortune, was engaged in those toilsome researches which resulted in placing 
the science of Astronomy on its present basis, universal Europe was ring- 
ing with the fame of a philosopher whose labours produced no less im- 
portant effects on the progress of science than those of his illustrious con- 
temporaries, and ushered in with fitting splendour the train of magnificent 
discoveries by which the seventeenth century was so eminently dis- 
tinguished. S 

Gatiteo GatiLer was born at Pisa, a city in the Grand Duchy of 
Tuscany in Italy, in the year 1564. While a student at the university, 

* Born in 1550, at Merchistoun, near Edinburgh; died in 1617. 
+ Exposition du Systéme du Monde, Liv. v., chap. 
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he distinguished himself by his powers of discussion, and by the freedom 
with which he questioned some of the leading doctrines of the Aristote- 
lian philosophy. At this period of his life, also, the idea of employing the 
pendulum for the purpose of measuring time first suggested itself to him, 
on secing a lamp suspended from the roof of the cathedral of Pisa_con- 
tinuing for some time to swing to and fro. In 1609, having heard that a 
Dutch spectacle maker had succeeded in combining lenses so as to make dis- 
tant objects appear larger and nearer, he very soon succeeded in tracing 
this effect to the refraction of the visual rays in passing through the glass ; 
and upon this principle he constructed the first telescope used for scientific 
purposes. Turning his instrament towards the heavens, his ingenuity soon 
found its reward, in the discovery of a multitude of beautiful phenomena. 
To him we are indebted for the first announcement, that the sun is 
covered with dark irregular spots—that the moon is diversified with hills 
and valleys like the earth—that the planets have a round appearance like 
the sun or moon—that Venus exhibits phases depending on her position 
relative to the earth and sun—that Jupiter is accompanied by four satellites 
—that the appearance of Saturn is totally unlike that of the other planets— 
and that the milky way consists of a countless multitude of stars. He also 
discovered the diurnal libration of the moon; and, from the solar spots, 
he drew the important inference that the sun has a rotatory motion round 
a fixed axis. Galileo is still more famous for his researches in mechanical 
science. He was the first who announced, in distinct terms, the principle 

~—of-virtual velocities, and its utility in determining the relation between 
the power and the weight in all combinations of machines. He also dis- 
covered the law of acceleration of falling bodies, whether descending verti- 
cally or along inclined planes, and he determined the path of a projectile 
hy considering the horizontal motion to be uninfluenced by the vertical 
action of gravity. 

The brilliant success which rewarded the physical researches of Galileo, 
and the withering influence which his discoveries exercised on the doctrines 
of the Aristotelian philosophy, excited against him the implacable animosity 
of his opponents, who saw with dismay the boasted citadel of learning, 
within which the human mind had for ages reposed in complacency, now 
exposed to the powerful and reiterated assaults of a daring innovator. 
Unable to vanguish him in the field of argument, they sought to recover 
their sinking position by enlisting the church under their banners : and, 
with this view, they proceeded to represent the Copernican theory as 
dangerous to religion, by contending ‘that it was at variance with the re- 
ceived interpretation of the Holy Scriptures. Galileo became, in con- 
sequence, involved in a quarrel with the Church, which finally resulted in 
his being summoned before the Inquisition, and compelled to abjure on 
his knees the doctrines which taught that the sun is placed immoveable 
in the centre of the universe, and that the earth revolves in an annual 
orbit round him. It is said that the venerable philosopher had no sooner 
finished this humiliating recantation than he stamped the ground with his 
foot, and whispered to one of his friends “I pur si muove.”* He was 
condemned to strict seclusion during the remaining few years of his life, 
and died in 1642, at the age of seventy-cight years. 

Galileo's merits as a philosopher are at once great and varied. He 
broke down the barrier which had so long interposed between the human 


* «it moves however.” 
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understanding and the beautiful system of the material world, denouncing 
with unrivalled force the pernicious subtleties of the schools, and con- 
tending for the necessity of constant observation and experiment, as the 
only reliable guides in conducting the mind to general principles in phy- 
sical scionce. He may, therefore, be considered, in conjunction with our 
illustrious countryman, Bacon, to have founded the inductive method of 
investigation, by the aid of which man has achieved so many brilliant 
conquests over nature during the last two centuries. Nor is it his sole 
merit that he overthrew the idols of the ancient philosophy, and recom- 
mended by his powerful reasoning the necessity of a careful examination of 
facts in all physical vesearches. He supplied the most conclusive argu- 
ments in favour of his principles, in the multitude of splendid discoveries 
which he had the glory of first announcing to the world. His example 
also stimulated a band of ardent minds to embark in the same hopeful 
career ; and an impulse was thus given to the study of experimental phi- 
losophy which has continued to be maintained with unabated vigour until 
the present day. 

The astronomical discoveries of Galileo, although remarkable for their 
brilliancy, derived their chief value from the support they lent to the 
Copernican theory, and the influence they exerted in overthrowing the 
false system of philosophy which then prevailed. Butitis in his important 
researches relative to mechanical science, that the genius of this great 
philosopher is most apparent. The science of motion could not indeed be 
said to have existed before his time, for the sole knowledge on this sub- 
ject consisted of a few unintelligible maxims scattered through the works 
of Aristotle. It required no common degree of penetration to expose the 
errors which lurked amid the sophisms of the illustrious Stagyrite ; but a 
genius of a higher order was necessary to establish the clear and immutable 
laws of nature, in the room of the unmeaning subileties of the schools. 
The sagacity and skill which Galileo displays im resolving the phenomena 
of motion into their constituent elements, and hence deriving the original 
principles involved in them, will ever assure to him a distinguished pei 
among those who have extended the domains of science. It is, perhaps, 
impossible, in the present advanced state of mechanical philosophy, to form 
a just estimate of the difficulties which then interposed towards a precise 
and luminous view of the fundamental principles of motion. It is uni- 
versally admitted that those phenomena which come under the daily ob- 
servation of mankind, and which on that account do not possess any salient 
features on which the imagination can repose, are generally those which 
ave most liable to elude the inquiries of ordinary minds. The principles 
which Galileo established by his sagacious researches had the effect of 
elevating mechanical science to the dignity of one of the most important 
subjects which ean concern the attention of mankind. They were essential 
elements in the train of investigation which conducted Newton to the sub- 
lime discovery of Universal Gravitation ; and, in fact, they constitute the 
basis upon which the vast superstructure of the physico-mathematical 
sciences has been reared. 

Descartes was undoubtedly one of the greatest geniuses of the 
seventcenth century; but it can hardly be said that his labours 
had a direct tendency to promote the progress of Astronomy. In 
order to account for the motions of the various bodies of the solar 
system, he imagined the famous system of ethereal vortices. The 
planets were all supposed to revolve in a vortex, of which the sun 
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was the centre, and the satellites revolved in smaller vortices round 
their respective primaries. This system offered a plausible explana- 
tion of the motions of the planets and satellites in one common 
direction ; but it was inconsistent with the motions ‘of comets, and a 
multitude of other phenomena, and, besides, was nothing else than a 
mere gratuitous assumption. Some writers commend the Cartesian sys- 
tem of vortices, as the earliest attempt to explain the motions of the 
planets by mechanical principles; but Delambre has justly remarked, that, 
by misleading men’s minds from nature, this fiction of the imagination 
retarded rather than promoted the progress of true science. Descartes, 
however, deserves honourable mention in the history of Astronomy on 
account of the vigorous efforts he made to overthrow the Aristotelian phi- 
losophy, and especially for his important discoveries in the pure mathe- 
matics. By his happy innovation of expressing the fundamental property 
of a curve by means of an equation between two variable co-ordinates, he 
extended incalculably the powers of analysis, besides thereby preparing 
the way for the discovery of the infinitesimal calculus, and its application 
to the vast domain of Celestial Dynamics. 

Nearly about the same time with Descartes flourished Hoveens, a phi- 
losopher endued with equal genius, bat exhibiting greater caution in his 
yesearches. Posterity is indebted to him for one of the most admirable 
inventions of modern times—the application of the pendulum to clocks. 
Mechanical constructions moved by weights had been employed to measure 
time as early as the thirteenth century, and Galileo had already conceived 
the idea of using the pendulum for a similar purpose. The Italian phi- 
losopher failed, however, in all his attempts to construct an accurate time- 
keeper, because he constantly sought to apply the pendulum as the prime 
mover, Huygens accomplished this object with the most complete suc- 
cess, by simply making the pendulum to regulate the descent of the weight 
in the ancient clocks. It would be difficult to say whether the ordinary 
concerns of life, or the more refined purposes of science, have gained 
most by this valuable improvement. Huygens is distinguished by his 
telescopic discoveries in the heavens. He it was who first established the 
real character of the appendage with which Saturn is furnished, having 
found it to consist of a luminous ring, encompassing the body of the 
planct, at an appreciable distance from his surface. He also discovered 
the most conspicuous of the satellites of that planet; but he forgot his 
habitual caution when he asserted that. as his discovery made the nnmber 
of satellites equal to that of the planets, no others of a similar kind would 
be made in the solar system. Huygens discovered the principal theorems 
relative to the motion of a body compelled to revolve in a circular orbit, 
under the influence of a force acting constantly at the centre. These 
theorems were announced at the end of his treatise, “De Horologio Oscil- 
latorio,” published in the year 1671; but no demonstration was given of 
them. By his elegant speculations on the evolutes of curves lie also faci- 
litated the application of the same principles to orbits of variable curva- 
ture. This philosopher is indeed universally admitted to be one of the 
most original geniuses who flourished in the seventeenth century. In his 
intellectual character there appears the rare union of all those qualities 
which form the mathematician and the experimental philosopher. “In thi 
respect he approaches more nearly to the illustrious Newton than an y 
other individual of modern times. cs S 

Casstnr, the contemporary of Huygens, was one of the greatest . 
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nomers of the age in which he lived. We owa,to him a multitude of dis- 
coveries, which have secured for him an imperishable reputation. He 
constructed the first tables of Jupiter's satellites which could lay any 
claim to accuracy. He discovered four of Saturn’s satellites; determined. 
the rotations of Jupiter and Mars, and arrived at a very approximate value 
of the solar parallax. He also discovered the belts of Jupiter and the 
zodiacal light; established the singular coincidence of the nodes of 
the lunar equator and orbit; and, lastly, constructed an excellent table 
of refractions. 

The establishment of the Royal Society of London in 1662, and of the 
Academy of Sciences of Paris a few years afterwards, contributed very 
much to the advancement of Astronomy. Great advantages were also 
destined to accrue to the science from the observatories of Greenwich and 
Paris, which were founded, the former in 1675, and the latter in 1667, 
Towards the close of the seventeenth century a great improvement was 

effected in the art of observation by the application of the telescope to 
quadrants fixed in the meridian, and by the invention of the micrometer 
and the transit instrument. 

Rozen, a Danish astronomer, has immortalized himself by his dis- 
covery of the gradual propagation of light. Having found that the 
eclipses of Jupiter's Satellites took place earlier or later than the com- 
puied time, according as the earth was n®arer or more remote from the 
slanet, he was hence led to suspect that light might occupy some time in 
its transmission. ‘This suspicion was confirmed by a more minute examin- 
ation of the errors in the times of the eclipses, which he found to cor- 
respond exactly to the variations of the distance between the earth and 
the planet. Finding that the eclipses took place eight minutes earlier 
than the computed time when the distance between the earth and the 
planet was least, and eight minutes later when it was greatest, he hence 
inferred that light occupies sixteen minutes in traversing the earth’s orbit, 
and, consequently, that it moves with the amazing velocity of 190,000 
miles inasecond *. This important fact wasestablished beyond all doubt 
in the following century by Bradley's discovery of aberration. 

Among the successors of Tycho Brahé in practical astronomy, may be 
cited Heverivs, one of the most talented observers of any age or country. 
Framsrerp, also, has rendered his name for ever illustrious by his great 
catalogue of the stars. This vast monument of patience, assiduity, and 
skill has recently undergone a complete renovation, through the care and 
attention of the late lamented Mr. Baily. Hatrey would be entitled to 
honourable mention in the history of Astronomy, were it only on account 

. of his catalogue of southern stars ; but he possesses much higher claims 
to the remembrance of posterity. His beautiful researches on comets, so 
remarkably illustrated by the comet which bears his name; his method 
for determining the solar parallax by means of the transits of Venus; his 
discovery of the long inequality of Jupiter and Saturn, and of the secular 
acceleration of the moon's mean motion, are all incontestable claims in his 
favour as deserving of being ranked among the greatest astronomers of 
modern times. 

‘We are now arrived at the memorable epoch of Newton's discoveries. 
In the following pages we shall attempt to trace the progress of Physical 
Astronomy from the commencement of that illustrious philosopher's eareer; 


* This is rather the estimation of modern astronomers. Roemer made the time of 
traversing the earth’s orbit, first eleven minutes, and afterwards fourteen minutes, 
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down to the most recent Qpcoveries of our own. day. . In order that the 
reader may more fully appreciate the researches of g@eometers on the 
theory of Jupiter's satellites, we have introduced that part of our subject 
with an historical account of the labours of astronomers in establishing 
the various irregularities in the motions of those bodies before any at- 
tempt was made to explain them by the —principle of. universal gravitation. 
We have been induced more especially to enter upon this digression, as 
We ere not acquainted with any york in the English language containing 
a detailed account of the successive steps by which the beautiful theory 
in question has advanced towards its present high state of perfection. We 
hope, therefore, that the two chapters which will be devoted to that sub- 


nected with the discovery of the planet Neptune. This brilliant triumph 
of the theory of gravitation is due to the independent labours of two 
mathematicians who were simultaneously pursuing researches for that 
purpose, without mutual concert, and who arrived about the same time at 


tryman, Mr. Adams, while they had the advantage in point of priority, 
wore equally calculated to effect the same object, and there is undeniable evi. 
. dence that they would eventually have done so. The independent theo- 
retical discovery of the planet by two individuals is now admitted by 
the most eminent philossphans of Europe, who have all concurred in award- 
ing due honour to cach discoverer. “Far be it from us,” says the 
illustrious astronomer of Pulkowa *, speaking for his colleagues and him- 


the eminent merit of M. Leverrier, But impartial history will in the 
future make honourable mention also of the name of Mr. Adams, and 
recognise two individuals as having, independently of one another, dis- 
covered the planet beyond Uranus. In the same way it attributes the 
discovery of the infinitesimal calculus at once to Newton and Leibnitz.” + 
The concluding part of this work will be devoted to an account of the 
recent discoveries in the other branches of the science, with an especial 
reference to the labours of Herscner and Srrvve in Stellar Astronomy. 


* M. Strave. + See Phil. Mag. vol. xxx, p- 184, 
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nomers of the age in which he lived. We owe to him a multitade of dis- 
coveries, which have secured for him an imperishable reputation. He 
constructed the first tables of Jupiter's satellites which could lay any 
claim to accuracy. . He discovered four of Saturn’s satellites; determined 
the rotations of Jupiter and Mars, and arrived at a very approximate value 
of the solar parallax. He also discovered the -belts of Jupiter and- the 
zodiacal light; established ‘the singular coincidence of the nodes of 
the lunar equator and orbit; and, lastly, constructed an excellent table 
of refractions. 

While astronomical science was thus flourishing on the Continent, it 
had already dawned upon England. 

Harriot, the celebrated mathematician, was an assiduous observer of 
celestial phenomena. We owe-to him some valuable observations of the 
comet of 1607, which have since been found to refer to one of the 
periodical apparitions of the famous comet of Halley. He was one of the 
first individuals who employed the telescope in exploring the heavens. 
His observations of Jupiter's satellites date from the 17th of October, 
1610. He also observed the solar spots very soon after their discovery 
on the Continent. 

Juremian Horrooxs, a native of the north of England, displayed a 
capacity of the highest order for the cultivation of astronomy; but.un- 
fortunately his career was soon brought to a close by a premature death. 
We owe to him the earliest observation of the transit of Venus. He and 
his friend Crabtree were the only two individuals who witnessed this rare 
phenomenon on the 24th of November, 1639. He effected an important 
Improvement in the lunar theory, aud made many sagacious remarks on 
other subjects relating to astronomy. He died suddenly on the 8rd of 
January, 1641, at the age of about twenty-two years. 

Wixtram Gascoicne, the contemporary of Horrocks, had the merit of 
originating some remarkable improvements in practical astronomy. He 
was one of the first who employed the Keplerian telescope in astronomical 
observations. He introduced the use of telescopic sights. He was: the 
original inventor of the micrometer, and was also the first who ay plied it 
to divided instruments. Like Horrocks, this highly-gifted individual. | 
perished in the flower of his age. He fell at the battle of Marston Moor, 
on the 2nd of July, 1644, when he had only attained the age of. twenty- 
four years. : ce 

Heve tus was one of the most eminent observers of the severiteenth 
century. His labours extended over a period of about fifty years; but as 
he continued throughout his whole career to adhere to the ancient methods 
of practical astronomy, the results achieved by him do not possess a value 
commensurate with his merits as an observer. 

During the seventeenth century, a great revolution was effected in prac- 
tical astronomy. The application of the pendulum to clocks by Huyghens 
had the effect of introducing a method of observation which had been 
devised in the preceding century, but which was found to be impracticable 
in consequence of the difficulty attending the measurement of time. It 
consisted in observing the altitude of a celestial body on the meridian, 
and noting the instant of its passage. By this means the declination and 
right ascension were obtained without any trigonometrical calculation. In- 
consequence of this improvement, the observations of the celestial bodies 
were henceforward made chiefly with instruments fixed in the meridian. 
The micrometer, the invention of which is due originally. to Gascoigne, 
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was reinvented on the Continent, and was brought to great perfection by 
Avzour. About the same time, the use of telescopic sights was introduced 
both.in England and on the Continent. 

The establishment of public observatories was another circumstance 
which imparted a strong impulse to the cultivation of astronomy. The 
earliest of these institutions is the Observatory of Copentiagen, which dates 
from the year 1656. The Royal Observatory of Paris was founded in 
1667, and the Royal Observatory of Greenwich in 1675, 

One of the most eminent astronomers of this period was Picarp. We 
owe to him the first careful measurement of an arc of the meridian upon 
strictly scientific principles. He was also one of the first astronomers who 
‘employed telescopic sights in astronomical observations. His remarks on 
various subjects relating to astronomical science are characterised by great 

“ sagacity. He died in the year 1682. 

’ Roemer, the Danish astronomer, has immortalized himself by his dis- 
covery ofthe gradual propagation of light. This important fact was sug+ 
gested to him by observations of the eclipses of Jupiter's satellites, whi 
he found to take place earlier or later than the computed time according 
as the distance between the earth and planet was less or greater than the 
mean distance. Its truth was established beyond all doubt in the follow- 
ing century by Bradley's discovery of Aberration.’ Roemer effected many 

. important improvements in practical astronomy, one of the most valuable 

’ of which. was the invention of the transit instrument. : a 

During the latter part of the seventeenth century, astronomy was cul- 
Aivated in England by various eminent individuals. Waren and Hooxr 


plied their attention to the advancement of the practical department of 
8. science. They also contributed by their splendid talents to throw 
light on various interesting points relating to theoretical astronomy. 
“James Grecory is known to most readers by the invention of the re- 
flecting telescope which bears his name. We owe also to this celebrated 
mathematician the original suggestion of the utility of the transits of the 
inferior planets for determining the value of the solar parallax. FLam- 
-stegD had commenced his long series of valuable observations at the Royal 
‘ Observatory of Greenwich. Hattgy had returned from St, Helena, and 
was ardently engaged in promoting the objects of astronomical science. 
We are now arrived at the epoch of the immortal discoveries of Newron. 
Before attempting to give an account of them, it will be desirable to 
notice briefly the ideas of celestial physics which prevailed before his 
time. 


PREFACE. 


Tue main object of the work here submitted to the reader is to exhibit a 
view of the labours of successive enquirers in establishing a knowledge 
of the mechanical principles which regulate the movements of the celestial 
bodies, and in explaining the various phenomena relative to their physical 
constitution which observation with the telescope has disclosed. It may, 
perhaps, be desirable to trace out briefly the plan I have pursued in 
attempting to execute this undertaking. 

The first part of the work, extending to the close of the thirteenth 
chapter, is devoted to the history of the Theory of Gravitation. In 
the first and third chapters I have endeavoured to give some. account 
of the immortal discoveries by which Newton established this theory. 
in its utmost generality. The researches of the learned Prof. Rigaud: 
have recently disclosed some interesting details respecting the original 
publication of the Principia, of which I have not failed to avail myself in. 
the execution of this portion of the work. : . 

The future history of Celestial Mechanics naturally admits of a division: 
into two distinct periods. The first comprehends the researches -of 
geometers from the time of Newton to the commencement of the ning. 
tecnth century. ‘Towards the close of this period the analytical methods 
devised for the developement of the Theory of Gravitation had attained a 
high state of perfection, and the various phenomena which hed seented 
irreconcilable with its principles, were all satisfactorily accounted for. 
The second period embraces the further developement of the theory down 
to the present time. 

The third and following chapters to the ninth inclusive, are devoted to. 
the first of the above-mentioned periods. The third chapter contains an’ 
account of the early researches of Euler, Clairaut, and D’Alembert on 
the Problem of Three Bodies, and of the application of their respective 
solutions to the lunar theory. The difficulty which for some time at- 
tended the computation of the movement of the lunar apogee, was at 
length effectually removed by Clairaut, and the triumph of the Newtonian 
principles was practically exhibited in the construction of lunar tables by | 
Mayer, which possessed sufficient accuracy to be employed with confidence: 

- in the solution of the great Problem of the Longitude. as 

Tt is a curious fact that, in the original edition of the Principia, Newton 

“ gave the results of an investigation of the movement of the lunar apogee, 
which seemed to imply that he had treated the subject by amethod of a suf- 
ficiently comprehensive character. These results were suppressed by him : 


in the second edition, doubtless‘in consequence of their not exhibiting so 
: a2 
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complete an aéeordance with observation as was manifest in his other 
researches on the lunar theory *. That Newton really was in possession of 
a method adequate to a complete investigation: of: the subject, is rendered 
still further probable by the recent researches of Mr. Adams, who, by the. 
aid of geometrical considerations, analogous to those expounded, with so 
much elegance in the Principia, has obtained results relative to the move- 
ment of the lunar apogee, which present a complete accordance with 
observation. - 

The fourth chapter is devoted to the early researches of geometers on 
the perturbations of the planets and the stability of the planetary system. 
While occupied with the former of these subjects, the illustrious Euler 
devised a method of investigation which must be regarded as one of the 
most remarkable in the annals of science. It. consisted in regarding the 
perturbations of a planet as arising from an incessant change in thé 
elements of its elliptic motion. This fertile idea was destined to acquire 
an immense developement from the labours of succeeding geometers. 

The sublime results which the analytical researches of Lagrange and 
‘Laplace have disclosed, relative to the stability of the planetary aystenn, 

while they have served to invest astronomical science with additional 
features of interest, are entitled to be classed among the noblest triumphs 
which the human mind has achieved in the investigation of the laws of 
_the physical universe. ‘I'he Iabours of these great geometers, which were _ 
ef'a kindred nature throughout their whole career, are on this occasion . 
amore especially interlaced. As some misapprehension appears to have 
giet unfrequently arisen from this circumstance, I have endeavoured, by a 
_oateful reference to the volumes of tho Academy,of Sciences and other * 
‘original sources, to exhibit the results independently arrived at by each 
»geometer in the course of his researches on the subject. 

‘The fifth chapter contains an account of the physical explanation of the 
great inequality in the mean longitudes of Jupiter and Saturn, and of the 
secular inequality in the mean motion of the Moon, as well as an allusion 
to several points of minor importance in the Theory of. Gravitation. The 
irregularities in the mean longitudes of Jupiter and Saturn long continued. 
to form an inexplicable enigma to geometers. In vain did Euler employ 
all the resources of his fertile genius in endeavouring to account for their 
existence by the principles of the Theory of Gravitation. Equally fruitless 
was the result of Lagrange’s application of his commanding powers .af 
analytical research to the subject. It was reserved for Laplace to detect 
tho true origin of these anomalous phenomena in the mutual action of 
the two planets. bes 

Perhaps a still more remarkable resnlt, due to the same gootheter, was’ 
the explanation of the secular-inequality in the mean motion of the Moon. 
The records of certain eclipses of the Moon observed at Babylon about 
seven hundred years before the Christian era, when eompared with obser- 
vations of similar phenomena by the Arabian astronomers about the tenth 


* See Appendix IY. 
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century, seemed to indicate that the Moon's angular velocity round the 
Earth was subject toa stow acceleration. This fact was confirmed beyond 
all doubt by the observations of modern astronomers; but its existence 
seemed absolutely irreconcilable with the results to which geometers were 
conducted by their researches on the Theory of Gravitation. The physical 
cause of this acceleration continued to escape the analytical scrutinies of 
Baler, Lagrange, and Laplace, until at length the sagacity of the last- 
mentioned geometer led to its detection. 

The sixth chapter is devoted to an account of the labours of geometers 
on the Figure of the Earth, the Precession of the Equinoxes, the 
Libration of the Moon, and other kindred subjects. By. an ingenious 
application of his researches on the attraction of spheroids, Newton. rigor: 
ously determined the ellipticity of the Earth, upon the supposition of its 
density being uniform, and of the figure of an oblate spheroid being com- 
patible with the conditions of equilibrium of a fluid mass. The truth of 
the last-mentioned supposition was afterwards demonstrated by Maclaurin 
with all the elegance and rigour of the ancient geometry. With respect to 
the internal structure of the Earth, the ellipticity deduced from the 
“measurement of arcs of the meridian was totally at variance with the 
supposition of its homogeneity. It was reserved for Clairaut to determine 
the ellipticity on the more probable hypothesis of the strata increasing in 
density towards the centre of the Earth. vi 

The Procession of the Equinoxes is beyond doubt the most remark 
able of all the perturbative effects by which the planetary system is-chige: 
racterised. Its original discovery as a sidereal phenomenon is due te the 
great astronomer Hipparchus. The explanation of its true character 
was first given by Copernicus, who shewed that it might arise from a. 
conical motion of the Harth’s axis. The question relative to the physicat 
cause of this singular movement continued to be involved in impenetrable 
mystery, until at length Newton discovered its origin in the disturbing 
action of the Sun and Moon upon theredundant matter accumulated. round 
the terrestrial equator. The subsequent discovery of the Nutation of the 
Earth’s Axis by Bradley introduced a new cause of complication into” 
the subject. The complete solution of the problem of the Earth's motion 
round its centre of gravity, by a rigorous application of the principles-of ' 
Mechanical Science, was reserved for D’Alembert. The subject of the 
Libration of the Moon, which is noticed in the same chapter, exhibits 
another striking illustration of the comprehensive character of the Theory 
of Gravitation in assigning the physical explanation of the various phe- 
nomena relative to the movements of the celestial bodies. The reseafches 

of Newton on this subject were perfected by Lagrange, who succeeded ‘in 
‘obtaining results which accorded in a most satisfactory manner with those 
deduced from observation. ‘Ll ogls 

 . The seventh and eighth chapters embrace a somewhat detailed. history, 
- ofthe theory of Jupiter's satellites. In the seventh chapter I have given. 
an account of the original discovery of these bodies by the iustrions, 
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Galileo, and of the labours of subsequent astronétiers in establishing 
the laws of their complicated movements. The eighth chapter exhibits a 
view of the researches of geometers, having for #ieir object the explana- 
tion of these laws by the Theory of Gravitation. Some-of the most = 
curious effects of perturbation occur. in this beautiful system. THe. results 
are mainly due to Lagrange and Laplace. ‘The powerful character of 
the analysis which Laplace employed in these researches, is remarkably _ 
exhibited in the determination of the ellipticity of Jupiter by means of 
the derangements which the redundant matter accumulated round the 
equator of the. planet occasions in the motions of the satellites. ~ The 
illustrious geometer even boldly asserted, that the result thus derived 
from theory was entitled to greater reliance than that obtained“ by direot 
measurement with the micrometer! 

‘Phe ninth chapter commences with a brief notice of the iebonee of 
geometers on some of the more hidden effects of perturbation. One of 
the most interesting of these is the gradual diminution of the obliquity 
of the ecliptic, occasioned by the disturbing action of the planets on 
the earth. The sublime results arrived at by Lagrange and Laplace, 
relative to the stability of the planetary system, assure us that such a 
diminution will not continue indefinitely, but that after-a cortain limit of 
obliquity has been attained, the angle contained between the planes of the 

“ecliptic and the equator’ will then commence to open out. This process 

. will continue until the obliquity attains a certaii maximum value, when: 

- the increase will be converted again into a diminution, and thus the 
inglination of the two planes will continually oscillate between fixed 
limits prescribed by the intensity of the disturbing forces. It follows as 
‘8 necessary consequence, that the climate of any particular country will 
not undergo an essential change from this cause, such as would inevitably 
ensue if the equator and ecliptic were ever to coincide, or to form with 
each other an angle of ninety degrees. Thus the more profoundly does 
analysis penetrate into the operations of nature, the more admirable is tho 
harmony which appears to pervade her various arrangements. 

The subject of Comets was one of the severest tests to which the Theory 
of Gravitation was submitted during the early period of its history. These 
bodies seemed to be so destitute of any coherent structure, and at the 
same time so capricious in their movements, that the attempt to make 
them the groundwork of strict investigation was long: considered tobe 
attended with insuperable difficulties. Newton, however, perceived, with 
chatasteristic sagacity, that, however evanescent might be. the -physical 
constitution of Comets, their material structure would ‘subject them to the 
influence of the principle of Gravitation; and, in pursuance of this ides, 
he framed a theory of their movements, according to which they all 
revolved in orbits resembling one or other of the conic sections, having the 

. sunin the common focus. The apparition of the great comet of 1680 fur- 
~ tished him with the means of obtaining a complete verification of his theory. 
By a rigorous discussion of its observed positions he demonstrated incon- 
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testably that the comet revolved in an orbit which sensibly coincided with 
a parabola, and that the line joining it and the sun described equal areas 
in equal times. Halley applied .Newton’s theory to a vast number of 
recorded observations of comets, and among the results to which he was 
led he arrived at the conclusion that the comet of 1682 would again pass * 
through its perihelion in the year 1758 or 1759. . The actual return of 
this celebrated comet, agreeably to tho prediction of Halley, is familiar 
to every reader. The effects of planetary perturbation were calculated 
beforehand by Clairaut, who succeeded in fixing the time of return with 
remarkable precision. This was unquestionably one of. the greatest tri- 
umphe which had yet been achieved in the developement of the Theory.of 
Grdvitation. The general theory of the Perturbations of Cometary Bodies 
Wia.a few years afterwards simplified and improved by Lagrange. 
The ninth chapter closes with a brief allusion to the Mécanique Celeste: 
The publication of that immortal work forms an important landmark in 
>the of. Physigal.. Astrongmy. . The. Theory of Gravitation, after 
s succeasion of. severe ordeals, from each of whigh ait 
omarged cy triumph, finally. assumes an attitude of imposing majesty, : 
which repels ‘all further question respecting the validity of ite prin- 
ciples. 

The tenth chapter iatroduces the secoud period in the history of the 
Theory of Gravitation. It commences with an account of the interesting: 
results obtained by geometers, about the beginning of the present centur 
relative to the variations of the elements of the planetary orbits, 
highly-refined method of investigation. due originally te the genitié Ra 
Euler, by which the perturbations of a planet are supposed to arise from 
a continuous variation of the elements of elliptic motion, was now carried. 
to astate of unexampled perfection by Lagrange, and by the combined, 
Inbours of that illustrious geometer aud Poisson, was rendered applicable 
to all the great problems of the system of the world, 

After a brief notice of some of the methods employed by modern 
geometers in their researches on planctary perturbation, the chapter. 
closes with an account of the recent improvements in the lunar thegry: 
‘Lhe ivvegularities in the Moon's longitude, which, throughout the gre: 
part of the nineteenth century, continued to occasion great embarrassment 
to astronomers and mathematicians, finally assumed a definite character, 
which rendered them a feasible subject of investigation with respect ta, 

- theix physical origin, when the vast mass of the Greenwich observations, 
extending from 1750 to 1830, were subjected to a comprehensive discns- 
sien, by the present Astronomer Royal, and new corrections ‘of: the: 
‘glements of the lunar orbit were deduced. “Moreover, some hidden 
sgpequalities, which hitherto had totally escaped the notice of astronomers, 
‘and-which seemed to be irreconcilable with theory, emerged from. this 
‘important discussion. The explanation of the origin of these various 
anomalies by M, Hansen, forms an epoch of great importance in ‘the 
bistoryof Physical Asronomy. The complicated movements of the 
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Moon, which had occupied the attention of mankind:-from the earliest 
ages in the history of civilisation, upon which .’a Jong succession 
of illustrious astronomers and mathemativiang-had:éxerted their utmost 
powers of research, were at length completely analyzedytheirlaws clearly 
traced out, and the various resulting inequalities accounted for in strict 2 
aceordance with the Theory of Gravitation. The consummation of this 
great achievement constitutes a new laurel in the wreath of the Royal 
Observatory of Greenwich, while it imperishably associates tho already 
ilfustrioug names ef Airy and Hansen with the history of one the most 
important departments of Astronomical Science. a 
The eleventh chapter is devoted to an account of the recent. ieee 
of goometers on the particular, cases of perturbation which gecur.in the 
planetary system. Among the more important subjects which it.embrates 
may be mentioned the discovery of the long inequality in the. mean lon- 
gitudes of the Earth and Venus, by Airy; the investigation of the per: 
turbations,of Halley's comet, on the occasion of its passage of the peri- 
helion in 1835, by Rosenberger, Pontécoulant, and other geometers; the 
“interesting researches of Le Verrier on various cases of cometary per- 
turbation ; the completion of Lagrange’s labours on the Libration of :thé 
Moon, by. Poisson; the determination of the ellipticity and mean. density 
of tho Earth, by Bessel and other enquirers ; the final researches of Poisson 
-on the motion of the Earth about its centre of gravity, and the invariability 
‘of the Sidereal Year ; and the definitive detection of periodical oscillations 
in the Atmosphere depending on the perturbative influence of the Moon. 

In the twelfth and thirteenth chapters {have endeavoured to give an 
account of the theoretical discovery of the planet Neptune, as it resulted 
from. an investigation of the perturbations produced in the motion of 
Uranus. This may perhaps be regarded as the most astonishing conquest 
which the human mind has ever achieved in unfolding the arrangements 
of the material.world. Nor does it tend to diminish our admiration of 
this great discovery, that it is due to the independent researches of two 
contemporary geometers, who, by methods totally dissimilar in their 
details, if not in their essential character, succeeded nearly about the 
same time in determining the position of the disturbing body. » The 
brilliant researches of M. Le Verrier on this subject constitute the 
strongest title which he has yet earned to the admiration’ of the. agientific 
world; while those of Mr. Adams, the other discoverer of the planet, 
may be justly regarded as the noblest tribute which he. could-offer to the 
memory of his illustrious countryman, the great founder of . Physical 
Astronomy. Some remarks suggested by this discovery, which it would 
have. been inconvenient to have inserted in the body of ‘the work, will be 
found in an Appendix at the end. 

The thirteenth chapter closes the history of Celestial Mischontes, 
Physical Astronomy, as usually understood, is confined to the researches 
oF geometers on this subject; but in its more comprehensive sense it 
may be supposed to embrace the consideration of all the physical 
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principles which are known to exercise an influence on celestial phex 
nomena, as well as the study of those facts respecting the structure 
of the celestial bodies: which admit of being explained by reference to 
established : prineiples of physics. - In accordance with this more enlarged 
signification, the subjects noticed in the greater portion of the remainder 
of the work ought to be considered as forming an essential part of Phy- 
sical Astronomy... 

‘Lhe invention of the telescope about the beginning of the seventeenth 
century furnished the astronomer with an instrument of observation, the 
mighty efficacy of which can only be compared with the aid- Which the’ 
infinitesimal calculus affords to the geometer in his researches on the 
effects: ‘produééd by’ the continuous agency of those forces which Nature 
6 in-her operations. Armed with such an instrument, the sagaciout! 

Galileo was soon enabled to announce a multitude of discoveries in thé 

heavens; of startling novelty and of the highest importance. “Myriags of 
stara whose existence had eluded. the scratinies of. the naked-eye,. were 
now seerr4o illamine the undathomable: regions of: apace. The investiga 
tion of the cosmical arrangement. of the. celestial bodies, ami the- stridy 
of their individual structure, were problems unexpectedly foustd‘.te. be 
within the reach of the human faculties. This department of as(ronomical 
" science, no less remarkable for the sentiments which it is calculated to 
iuspire respecting the grandeur of the material universe, than for the 
multitude of instructive and delightful views of the physics of the, 
celestial regions which it unfolds, has been prosecuted with ardour. by p. 
snecession of eminent astronomers from Galileo’s time down: to the pre? 
sent day. - ‘ 
The fourteenth chapter exhibits a view of the progress of researches 
on the physical constitution of the bodies of the solar system, and also 
includes an account of the various discoveries by which it has been en- 
riched in modern times. The observations of the solar spots have sug 
gested some highly interesting speculations respecting the great central 
body which forms the source of the light and heat of the system. ‘The 
Moon, from her comparative proximity, has naturally given rise to much 
physical enquiry. The observations of the planets have disclosed a mul- 
titude-of facts of a highly interesting character. Their rotatory move- 
ments“ round fixed axes’ with corresponding elliptical figures, and ‘the 
diversified appearance of their surfaces, constitute striking points of 
analogy between them and the Earth. The remarkable phenomena visible 
in the” _ polan- regions of Mars, the belts of Jupiter and Saturn, and.the 
<wWondrous rings of the latter planet, have all furnished abundant. matésals 
of observation and research. Nor are the satellites wanting in phyticdl 
features of an important character. The relation of equality between 
their periods of rotation and revolution, which a variation of their bright-. 
ness, in several-instances, has served to establish, constitutes a striking” 
point of analogy between them and the terrestrial satellite. The pheso- 
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mena accompanying: their transits and oceultations are also suggestive of 
some interesting speculations. 

This chapter introduces a name which occupis-e prominent place in the 
vemaining portion of the work—it is the immortal name of William Her- 
schel, Fo the bulk of the intelligent class of readers this iustrdgus igidi- 
vidual appears in the character of au astronomer distinguished by his skil- 
ful construction of huge telescopes, which he employed with marvellous 
success in-exploring the heavens, To the student who has advanced within 
the precincts of astronomical science, “he-forms a more exalted okject of ad- 
miration, as an observer of almost unrivalled acuteness and sagacity, whose 
exquisite faculty of discernment frequently enabled him to arrive at results 
dar beyond.the scope of the mere instrumental resources available to-him; 
‘énd’as a philosépher of the highest order, who, by his originality of-onght, 
and. capacity for comprehensive speculation,.succeeded in éstablishing the 
principles of Sidereal Astronomy upon a broad and indestr uctible’ basis... 

The fifteenth chapter contains au account of the progress of-enquiry 
on the physical constitution of Comets, These mysterious bodies, beyond 
doubt, perform some important function in the economy of natuge, whieh: 
can only be ascertained by attentive observations of, the phenomepa-avhigh 
accompany their various apparitions. 

The sixteenth chapter is devoted to those physical principles whose 

“influence ‘in disturbing the apparent positions of the celestial bodies, or 
in modifying the features of celestial phenomena, must necessarily be 
‘taken into account before astronomical observations can be rendered avail- 
able as the groundwork of ulterior enquiry. It comprehends an account 
of the progress of researches on Precession, Refraction, Aberration, Nuta- 
tion, Diffraction, and Irradiation. In the history of Refraction the mighty 
names of Newton and Laplace reappear with transcendant lustre. The 
correspondence between Newton and Flamsteed, published by the late 
Mi. Baily, has supplied some iuteresting materials connected with the 
researches of Newton on this subject. ‘The uncertainty which ‘so long 
existed respecting the construction of Newton’s table of refractions, ‘which 
Halley ‘originally communicated to the Royal Society —whether it was 
Lased upon some physical theory of the subject, or whether it was cal- 
culated merely by an empiric process—has been effectually removed by the 
correspondence above referred to, It appears that Newton studied-pro- 
foundly the theory of Astronomical Refraction, and suceeeded. in deter- 
mining the results corresponding to various hypotheses respecting the 
physical constitution of the atmosphere. His suggestion to. Flamsteed, 
recommending the practice of noting the indications of the barometer and 
thermometer, as a desirable accompaniment.tg,asttonomical observations, 
constitutes a striking illustration of the sagacity by which that great 
philosopher was distinguished above ordinary enquirer. . 

The, subjects of Aberration and Nutation are srtsoduied > with an 

account of the original discovery of these phenomena by the immortal 
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Bradley. The chapter closes with an account of the most important, 
results which have been elicited by the labours of successive enquirers 
on the subject of the Irradiation of Light. 

The seventeenth chapter is devoted to the history of the physical en- 
quiries connected with eclipses of the Sun and Moon, the transits of the 
inferior planets, and other occurrences of a similar character. These 
phenomena are all influenced in so great a degree by Refraction, and the 
other’ affections of light, that it would have been inconvenient to have 

_ tlluded to them at an carlier stage-@f the-work. This chapter contains a - 
somewhat detailed exposition of the most important facts which have been 

_ observed: on the occasion of the various total eclipses of the Sun recorded . 
iwhistery, ineluding an investigation of the conclusions which they are cal-; 
otileted-t. suggest respecting the physical constitution of the great cewtrat: . 
body of the planetary aystem.» The subject of the transits of Venus -bas. 
patumlly suggested a°b tice. of the life and labours of the lamented 
Horrocks. Therd isadecp texest associated with the fate of this youthful 
astroboyier. sAlthough dwellifig i in’a remote district of Lancashire, in 
althost etiré’seclusion from the rest of the scientific world, he unquestion- 
ably arrived at ajuster.appreciatfon of Kepler's discoveries than any of the 
successors of that great astronomer had hitherto done ; while the sagacity 
and originality of his views on various points relating to astronomy, 
his fertile and glowing imagination, and his ardent enthusiasm in the’ 
pursuit of science—all seemed to foreshadow a career of uncomment brils.: 
lianey, which « premature death unfortunately soon brought to a. close.. 
Even his brief labours, however, haye assured to him a reputation which 
will live imperishably in the annals of science. By his own countrymen 
he cannot fail to be regarded with peculiar interest, as the morning stay 
of a galaxy of men of genius, who continued for about a century to adorn: 
these isles by their successful cultivation of the physico-mathematical- 
sciences. The names of Horrocks, Gascoigne, Brouncker, Barrow, Wallis, 
Wren, Gregory, Hooke, Newton, Taylor, Bradley, Simpson, and Maclaurin, 
représent a constellation of scientific enquirers, whieh for splendour of 
genius and high intellectual endowments has never been surpassed, and 
rarely equalled, during ‘a similar period in the history of any nation, whe- 
ther of ancient or modern times. 

As any work relating to astronomical science would be incomplete 
-Without some allusion to the important subject of observation, the eight- 
“gexith ‘chapter has been devoted to a condensed account of the pro+ 
“gteea of Practical Astronomy, from the earliest ages down to the present 
_ tiie. The annals of physical science do not, perhaps, furnish a more 

interesting picture of gradual advancement towards perfection than that 
- which exhibits the successive improvements effected in this department of » 
" a8tronomy-—from the naked estimations of the Chaldean priests to the~ 
_Kofined and complicated methods of observation practised by modern astro- 

from the gnomon and the clepsydra, in their-most rudimentary 
formg;to tho transit circle of the Greenwich Observatory, tho pendulum 
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clock of the most improved construction, and the electro-magnetic record- 
ing apparatus of the American astronomers. ; 

In this chapter I have given a somewhat detailed account: of the Royal 
Observatory of Greenwich, from its origin down to the present time. The 
observations which have emanated from that noble establishinent- have 
proved of incalculable service to astronomical science. No other similar 
institution, whether of ancient or modern. times, can compare with it in 
this respect. Its history affords an instructive lesson regarding the ad- 

“vantage to be derived from applying the resources of an observatory to 
some definite object, and maintaining that object in view with unswerving 
constancy of purpose. -An uninterrupted succession of eminent astro- 
nomers, who have directed the labours of this establishment, have con- 
* tributed to render it the storehouse from which the materials for. deter- 
mining the elements of Astronomjcal Science have been mainly derived 
in modern times. With.the triumphs of the Theory of Gravitation its 
history is inseparably associated. During the early period of its exist- 
ence, it had the glory of supplying Newton with a series of observations, 
which served as a valuable guide to him while engaged in threading. his 
way through the intricacies of the lunar theory, and it has continued ever 
since to furnish almost exclusively the astronomical facts; by an appeal to 
which the successors of that illustrious geometer have been enabled to 
establish the accuracy of their theoretical results. The recent reduction 
‘of the entire mass of the Greenwich Observations of the Moon and Pla- 
nets, extending from 1750 to 1880, under the superintendence of the 
present Astronomer Royal, is an achievement which, while in respect of 
vastness it has few parallels in the annals of science, at the same time 
forms one of the most valuable acquisitions which Astronomy hag received 
during the present century. 

As a fitting sequel to the subject above-mentioned, the nineteenth chap- 


ter contains a brief account of the labours of astronomers in thé con-. - 


struction of Catalogues of Stars. It is impossible to exaggerate the 
importance of this department of Astronomical Science. The places of 
the stars constitute so many fundamental facts, upon which depend all 
exact conclusions relative to the movements ofthe planetary bodies. 
The labours connected with their determination afford ample scope for 
talents of the highest order; but it must be acknowledged that they offer 
little to captivate either the imagination or the intellect, while at the 
same time they demand the most arduous exercise of the attention, and 
the most unflinching perseverance. Despite these disadvantages, there 
have not been wanting numerous examples of astronomers who, disre- 
garding the éclat which usually attends discovery, have devoted the best 
portion of their lives to the construction of a Catalogue of Stars, La- 
caille, Piazzi, and Groombridge will be especially remembered in the 
annals of astronomy, as individuals who sacrificed their days and nights 
ith unwearied assiduity to this object, cheered only by the consciousness 
the-adyantages which posterity would derive from their labours, and 
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by the secret charm which a constant intercourse with nature never fails 
to yield. 

The twentieth chapter:containg-the history of the Telescope. The re- 
searches of Van Swinden “have recently contributed to throw much inte- 
resting light upon the original invention of that instrument. 

The twenty-first chapter, which completes the work, is devoted. to a 
condensed account of the progress of researches in Stellar Astronomy. 
The labours of modern enquirers in- this department of Astronomical 
Science have led to some conclusions of a highly interesting and important 
nature. ‘Ihe existence of a sensible parallax in the fixed stars—a queation 
which has occasioned much anxious investigation from the time of Coper- 
nicus down to the present day—has at length been definitively established. 
in several instances by the labours of Bessel, Henderson, Struve, Peters, 
aud Maclear. It is now ascertained beyond all doubt, that light, travelling 
at the rate of 192,000 miles in a second, would require three years and 
a half to traverse the space between one of the nearest of those lumina- 
ries and the earth! The motion of the solar system in space, is another 
of those sublime conclusions which have been established by the re- 
searches of modern astronomers. Jt appears from the labours of Sir 
William Iferschel and his successors on this subject, that not only do 
the satellites move round the planets, and the planets round the Sun, but 
that the Sun, with his whole cortége of planets and satellites, is being~ 
constantly transported through space to a determinate point in the heavens, 
revolving, in all probability, round the centre of gravity of some vast 
system of suns, of which it forms one of the constituent members. Thus 
the farther the human mind is allowed to penetrate into the mechanism 
of the physical universe, the more overwhelming is the impression pro- 
duced of the surpassing grandeur of its movements, and the more exalted 
ig the conception formed of the Omnipotent Being who constantly pre- 
sides over its countless arrangements. 

"fo the student of Celestial Physics, the researches of astronomers on 
Double Stars offer a high degree of interest, inasmuch as they serve to 
demonstrate that the law of Gravitation, as announced by Newton, actually 
prevails in the mutual action of those remote bodies of the universe. The 
phenomena of Nebule excited little interest among astronomers until they 
attracted the attention of Sir William Herschel. The vast extent of 
that astronomer’s observations of those objects, and the originality of his 
views on their physical constitution, had the effect of elevating them to 
a high degree of importance in sidereal astronomy. The subsequent 
labours of Sir John Herschel and Lord Rosse, in the same field of enquiry, 
have materially contributed to the advancement of our knowledge respect- 
ing those wonderful structures. : 

‘After a rapid view of the progress of rescarch on the various subjects 
above mentioned, allusion is made to the labours of astronomers on.the 
physical constitution of the Milky Way and the Distribution of the Stars 
in space. The chapter concludes with a brief account of the interesting 
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speculations of M. Struve on the Extinction of Light in its passage through 
space. 

In the prosecution of these labours I haye generally endeavoured to 
elucidate the various facts of history by reference to the fundamental 
principles of astronomical science, adhering -as closely as possible to the 
ordinary phraseology of language. Occasionally, however, the subject con- 
sidered, does not naturally admit of concise elucidation, so that an adherence 
to this practice would have led to inconvenient—I had almost said in- 
terminable—digressions. On the other hand, to have omitted all allusion 
to such subjects would have been to sacrifice the principle of continuity 
which forms so essential’an attribute of history, and to present the.réader 
with an avowedly mutilated work. I have endeavoured to avoid'these two 

- extremes, by noticing every fact which seemed to constitute an essential 
link in the chain of historic exposition, but studiously aiming at con- 
ciseness in all those instances wherein explanation would be necessarily so 
prolix as to defeat its own object. This remark applies more particularly 
to the subjects relating to the Theory of Gravitation. With respect to - 
the remaining portion of the work, it is to be hoped that no reader pos- 
sessing an ordinary acquaintance with the elements of astronomical science 
can experience any difficulty in pursuing it through its details. 

In a work demanding extensive research, and embracing a great variety 
of subjects, some of which are of a very abstruse nature, it is not pre- 
tended that imperfections may not be discovered. I may be permitted, 
however, to state, that.it has not been without carefully consulting all the 
original authorities accesssible to me, and bestowing an attentive con- 
sideration upon each subject which it embraces, that I have ventured to 
submit this production to the judgment of the public. It is to be hoped 

‘that the accomplished reader will be enabled to discern in the following 
pages sufficiont evidence of the justness of this statement, to induce him 
to regard with indulgence the shortcomings of the author in so far as his 
personal abilities ave concerned. 

It affords me sincere pleasure to have this . opportunity of gratefully 
acknowledging my deep sense .of obligation to Captain R. I. Manners, 
R.N., Secretary of the Royal Astronomical Society, whose kind encourage- 
ment and readiness in promoting my views I beneficially experienced on 
numerous occasions while engaged in preparing these sheets for the 
press. 

R. GRANT, 

London, March 2, 1852. 
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Arrespts were made at an carly period in the history of astronomy to 
account for the motions of the celestial bodies by means of some common 
principle. The Greeks, as might be expected, were the first people whe 
invented a physical theory of the heavens; butethe result of their spe- 
culations in this instance was totally unworthy of their high intellectual 
character. Conceiving that the constant Succession of phenomena in the 
same order could only be effected by means of some material agency, they 
supposed each of the planets to be inclosed in a solid sphere of trans- 
parent structure, having the earth situgte in the centre. ‘he motion of 
the.planet was then supposed to be accomplished by the revolution of the 
entire sphere in the direction of the planet's real motion, and with a 
velocity corresponding to its periodic time. In order to account for the 
various irregularities of its motion, each of the plancts was provided with 
several spheres, which modified each other’s effects; and at an immense 
distance beyond the planetary apparatus was situated the primum mobile, 
or sphere of the starry heavens, which revolved from east to west in 
twenty-four hours, carrying along with it all the fixed stars. It cer 
tainly affords a remarkable illustration of the proneness of the human 
mind to ascend from the phenomena of nature to some ulterior cate, 
that this monstrous theory should have commanded the assent of the 
Jearned world until the close of the sixteenth century. Aristotle intro- 
duced it into his system of philosophy, amd by this means it came* to be 
- generally adopted as part of the ancient astronomy. We must not, how- 
ever, confound this offspring of the imagination with the epicyclical theory 
of Hipparchus, which, although involving certain gratuitous principles, 
was notwithstanding framed in accordance with observation. The latter, 
in fact, was a pure mathematical theory, devised for the purpose of repre- 
senting the motions of the planets, without reference to the physical cause 
of those motions ; and, although incomplete in its structure, jn 80 far as it 
took no cognizance of the distances of the planets, still, as it could be sub- 
mitted to @ rigorous calculus, it held out to astronomers the prospect of 
arriving at the true system of nature by means of a comparison of its 
results with those of observation. The history of the two theories pre- 
sents us, indeed, with an instructive lesson of the value of an hypothesis 
which contains some elements of truth as contrasted with the inanity of a 
mere fiction of the mind. The mathematical theory, besides affording 
admirable scope for the inventive powers, had the advantage of enabling 
astronomers throughout a long course of ages to predict the places of tho 


planets with tolerable accuracy ; and, finally, was instrumental in conduct- 
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ing Kepler to a knowledge of their real motions: the physical theory, on 
the other hand, continued during an equal period to mislead men's minds, 
without possessing the redeeming merit of forming a subject of intellectual 
exercise; and, when it was at length overthrown by the invincible force 
of reasoning based upon facts, it disappeared without leaving @ single 
trace of its existence behind. 

Tt is difficult to ascertain what were the real opinions of Copernicus 
relative to the physical constitution of the heavens. While engaged, 
however, in establishing the Pythagorean system of the world, he was 
led to ‘use a remark which may be said to contain the earliest notion of 
the principle of gravitation. The Aristotelians had asserted that heavy 
bodies, to use their own phraseology, naturally tend towards the centre of 
the universe, aud as observation showed that a similar tendency existed 
towards the centre of the earth, they hence concluded that the earth 
must be placed immoveable in the centre of the universe. Copernicus, 
however, remarked that the parts of matter had a natural appetency to 
congregate together and unite in the form of spheres, and that the 
constant tendency of bodies towards the centre of the earth was merely a 
sensible manifestation of this inherent quality of matter. 

Tycho Brahé was not endowed with qualities favourable to speculation, 
but he deserves to he mentioned in the history of physical astronomy, on 
account of the effect of his researches in leading to the overthrow of the 
fncient theory of solid orbs. By weans of a series of careful observations 
on the comet of 1577, he discovered that it was at least three times more 
remote from the earth than the moon is; whence it followed, since comets 
traverse the celestial regions in all directions, that the heavens could 
not be composed of a solid mechanism such as the Aristottlians had 
imagined. 

Gilbert, an English philosopher of great merit, who flourished towards 
the close of the sixteenth century, was one of the first persons who arrived 
at general notions on the subject of gravitation. His researches on mag- 
netism, pursued in strict accordance with the principles of the inductive - 
plfilosophy, were much esteemed by Kepler and Galileo, both of whom 
profess to have been greatly indebted to him for their views on that 
subject. In his treatise on the magnet, published in 1600, he explains 
the influence of the earth upon the moon by comparing the former to a 
great loadstone. He announces his opinions, however, much more * 
explicitly in his posthumous work on the “ New Philosophy,” * which 
first appeared about the middle of the seventeenth century. In this 
treatise, he asserts that the earth and moon act upon each other like two 
magnets; but he considers the influence of the earth to be greater than 
that of the moon, on account of its superior mass. It is important to note 
his explanation of the mode in which the two bodies affect each other. 
“Tt is not,” says he, ‘‘ so as to make the bodies unite like two magnets, 
but that they may go on in a continuous course.” In another part of the 
same work, he ascribes the tides partly to the influence of the moon. 
“ The moon,” says he, “ does’ not act on the seas by its rays or ita light. 
How then? Certainly by the common effort of the bodies, and (to explain 
it by something similar) by their magnetic attraction.” He seems to 
have been more perplexed in accounting for the ebb of the tide than for 
its flow. In order to explain this part of the phenomenon, he assumes 


* De Mundo Nostro Sublunari, Philosophia Nova, Anistelodami, 165]. 
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that, besides the waters of the ocean, the earth contains subterranean 
humours and spirits, which are drawn out by the attraction of the moon; 
and, when that body has retired, are then absorbed again into the bowels 
of the earth. “The moon,” says he, “ attracts not so much the sea as 
the subterranean spirits and humours, and the interposed earth has no 
more power of resistance than a table or any other dense body has to 
resist the force of a magnet.” : 

The preceding remarks of Gilbert contain unquestionably one of the 
earliest traces which is to be found among the writings of modern authors, 
of the notion of an attractive force acting between the bodies of the solar 
system. The moon's attractive influence upon the earth is naturally 
enough suggested by the phenomenon of the tides; but the influence of 
the earth upon the moon is mixed up with a great deal of error and con- 
fusion, It appears to him to be indicated not by the revolution of the 
moon in a curvilinear orbit round the earth, but by her accompanying that 
body in a continuous course round the sun. In fact the principle of 
terrestrial attraction is suggested by the notion of the earth dragging the 
moon along with her in her annual orbit. Finding himself utterly unable 
to account for the mutual attraction of «he earth and moon, without.the 
continual eppeieoh and ultimate union of the two bodies, he attempts to 
get rid of the difficulty by shifting his hypothesis, or, in other words, by 
asserting that the effects resulting from the mutual influence of the two 
bodies is not similar to the effects ef magnetic attraction. Although 
Gilbert, therefore, deserves much credit for the sagacity with which he 
recognised, to a certain extent, the principle of gravitation, his ideas of it 
are so vague and inconsistent, that his speculations cannot be said to rise 
above the inerit of mere conjectures. é 

Kepler, in the introduction to his “ Astronomia Nova,” published in 1609, 
announces the mutual gravitation of matter in very remarkable terms. 
He asserts, as Copernicus had already done, that bodies do not tend 
towards the centre of the earth, because it is the centre of the universe, 
but because it is the centre of a round body of the same nature with 
themselves, If two stones were situated in space beyond the influence of 
a third body, they would approach towards each other like two magnetic 
needles, and would meet in an intermediate point, each passing through a 
space proportional to the comparative mass of the other. If the moon 

‘and earth were not retained by their animal force, or some other equiva- 

lent, the earth would mount to the moon by a fifty-fourth part of their 
distance, and the moon would fall to the earth through the other fifty- 
three parts, and they would there meet. If the earth should cease to 
attract the waters to itself, all the waters of the sea would be raised, and 
would flow to the body of the moon. 

These remarks are indeed very striking, and show how profoundly their 
illustrious author could penetrate into the secrets of nature ; but we should 
not be justified in attaching to them all the importance due to a distinct 
recognition of the principle of gravitation. In his ideas and reasoning he 
coincides with Gilbert, except that he extends the principle of gravitation 
to the whole material universe. The difficulty which Gilbert experienced 
in accounting for the constant separation of the moon and earth, notwith- 
standing their mutual attraction, occurs with its full force to Kepler. The 
latter, however, gets over if not as Gilbert had done, by assuming a 
principle inconsistent. with his previous ideas on the subject, but by 
supposing the terrestrial attraction to be. neutralized by the animal force 
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of the moon or some other equivalent. It is clearly possible to establish 
any principles whatever, if we are at liberty to have recourse to such 
assumptions in support of our reasoning. It will be remarked that 
Kepler does not seek to explain how the motion of the moon in her orbit 
is continually kept up ; he doubtless assigned this task to the animal foree 
which regulated the distance between tho two bodies. The difficulty of 
accounting for the motion of a body in its orbit, by means of a centripetral 
force, occurs to him perpetually throughout the Astronomia Nova in course 
of his speculations on the physical cause of the planetary motions. In 
attempting to explain the phenomena of these motions by means of a 
force emanating from the sun, he is now compelled, like Gilbert, to intro- 
duee a principle totally at variance with his previous notions of gravitation ; 
for he imagines that the planet requires to be continually impelled in its 
orbit by the solar force. ‘Lo meet this view of the case, he supposes the 
sun to revolve from west’to east, upon an axis perpendicular to the plane 
of the ecliptic, and to send forth continually magnetic rays, which attract 
the planet in a direction transverse to the line joing it and the sun. 

It is hardly necessary to state that this opinion of the planets being 
kept revolving by a force continually whirling them round in their orbits 
is not only at direct variance with the character of a gravitating force, but 
is also inconsistent with the fundamental principles of motion. It must be 
admitted that there was more of truth in Ross's words than he could perhaps 
justly take credit for, when he asserted that “ Kepler's opinion, that the 
pe are moved round by the sunne, and that this is done by sending 

forth a magnetic virtue, and that the sunbeames are like the- teethe of a 
wheele taking hold of the planets, are senselesse crotchets fitter for a 
wheeler ox 2, miller than a philosopher.” * 

Kepler might have formed more accurate ideas on the physical cause of 
the planetary motions, if the science of mechanics had been more advanced 
in his time; but it is surprising that, although he constantly strove 
throughout his researches on the planet Mars, as detailed by him in -the 
Astronomia Nova, to connect the varying motion of the planet with a 
force emanating from the sun, he nowhere speculates so judiciously on 
that force as in the introduction to his work; and at the conclusion of his 
labours he inspires no more confidence in his reader respecting the reality 
of the force than he did at the commencement of them. In fact, it is to 
tho extraordinary tenacity with which he clung to the idea of a solar force © 
acting somehow on the planeis, and his strong conviction that their 
motions were regulated by fixed Jaws, that we must ascribe the brilliant 
result of his researches, rather than to any clear perception either of the 
nature of the force or of its mode of operation. 

It is difficult to say whether Gilbert or Kepler was first led-to speculate 
on the physical theory of the celestial motions. Kepler's earliest notions 
on the subject are to be found in his ‘“‘ Mysterium Cosmographicum,” which 
was published in 1596. Gilbert's ‘‘ Treatise on the Magnet” appeared in 
1600, and he died in 1603, leaving behind him his posthumous work, 
which was published only in 1651. It is clear from the nature of 
Gilbert's ideas, which turn entirely upon the magnet, that they could not 
have been suggested to him by Kepler's speculations. It is equally 
certain that the latter was not indebted to any person for-his opinion 


* The New Planet no Planet, or the Earth no Wandering Star, 4to,, London, 1646, 
See also Life of Kepler.—L. U.K. . 
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relative to the existence of some physical principle directing the motions 
of the planets. When, however, he attempted at a subsequent period of 
his researches to devise a consistent theory of the solar force, he adopted ~ 
the views of Gilbert by assuming it to be a modified form of magnetism. 
This appears from his great work, the “ Astronomia Nova,” * wherein he 
cites the opinion of Gilbert while proceeding to frame his theory of a 
whirling force. : 

Galileo, by means of his admirable researches on mechanics, contribute: 
in a high degree towards the formation of more distinct ideas on the 
subject of curvilinear motion. The principle of mutual gravitation does 
not seem, however, to have found any favour with him, for he censures 
Kepler on account of his opinion relative to the attraction of the earth by 
the moon. He admitted the attraction of the moon by the earth, but he 
by no means formed a distinct conception of the mode in which the force 
of gravity in this case operates. ‘“ The parts of the earth,” + says he, 
“have such a propensity to its centre, that when it changes its place, 
although they may be very distant from the globe at the time of the 
change, yet must they follow. An example similar to this is the perpetual 
sequence of the Medicean stars, although always separated from Jupiter. 
The same may be said of the moon obliged to follow the earth.” 

The earth’s attraction is here evidently inferred from the moon con- 
stantly attending her in her annual orbit round the sun. It might, how- 
ever, bo concluded from the same phenomenon, with equal shew of 
reason, that the moon attracts the earth; for the moon cannot be said to 


follow the earth any more than the earth can be said to follow the moon, 


since, in fact, both bodies, while revolving round the sun, revolve also 
continually round their common centre of gravity. The grand fact which 
leads to the establishment of the action of the earth upon the moon, 
consists in the revolution of the latter in a curvilinear orbit which is 
concave with respect to the earth. It has been sometimes said that Kepler 
only required a more complete knowledge of the laws of motion in order 
to have demonstrated the existence of the principle of gravitation. Here, 
however, we have a philosopher equal in sagacity to Kepler—who had 
successfully analyzed the phenomenon of curvilinear motion in one of its 
manifestations at least, and who moreover had access to the opinions of 
Kepler on the subject of gravitation ; still, notwithstanding all these ad- 
vantages, he failed to recognise the existence of an attractive force, either 
in the motion of the moon round the earth, or in the motions of the 
planets round the sun. This circumstance ought to render-us cautious in 
attaching an undue value to mere sagacious surmises unsupported by 
legitimate proof, and in ascribing to individuals any credit for discoveries 
which are not the actual result of their own labours. 

We do not propose to make any further allusion to Descartes’ theory of 
vortices, beyond the few words we have already said respecting it in the 
introduction to this work. No doubt, we think, can exist that this 
celebrated fiction exercised 2 most pernicious influence ‘in retarding the 
progress of sound mechanical ideas relative to celestial physics. Like 
the theory of solid orbs, it at length utterly disappeared before the ad- 
vancing light of true science, after continuing for nearly a century to 

« 


* Astronomia Nova, cap. xxxv., p. 176. 

+ Dialago sopra i due Massimi Sistemi del Mondo.—Firenze, 1632. See also 
Life of Galileo.—-L. U.K. 
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indulge its adherents with the miserable delusion that it revealed to them 
the whole secret of the mechanism of the universe. 

Borelli, in his theory of the Medicean stars, published in 1666, appears 
to have speculated more judiciously on the physical theory of the planets 
than any of his predecessors. He remarks that the motions of the planets 
round the sun, and those of the satellites round their respegtive primaries, 
must doubtless depend in each case on some virtue ellire in the central 
body. He seems to have arrived at pretty accurate notions of the motion 
of a body in a circular orbit, He remarks that bodies so revolving have a 
tendency to recede from their centre of revolution, 28 in the case of a 
wheel revolving on its axle, or a stone whirled by a sting. When this 
force is equal to the tendency of the body to the centre, a compensa- 
tion of effects takes place, and the body will neither approach nor recede 
from the centre of force, but will continually revolve round it. 

Here, for the first time, an attempt is made to account for the motion ofa 
body in a circular orbit, by means of a force directed continually to the centre 
of the circle. It must be admitted, however, that Borelli’s explanation is 
at once imperfect and indistinct. He does not’ analyze the phenomenon 
of curvilinear motion into its constituent elements, but merely seeks to 
establish the necessity of a constant central force by-an appeal to expe- 
riment. He rightly asserts that the body tends continually to recede 
from the centre, but he gives no account of the origin of this centrifugal 
force: nor does he explain by what means the motion of the body in its 
orbit is continually kept up. His account of the last-mentioned part of the 
phenemenon is so obscure, that it is quite evident he had obtained only a 
very weak hold of the problem. After remarking that the compensatory 
effects of the two constant forces will maintain the body at a determinate 
distance from the centre, he then, says, “ therefore the planet will appear 
balanced and floating on the surface.” * 

Although Borelli's speculations possessed much merit, still they 
were not sufficiently clear to Jedd to any measurable results, and 
until a complete dynamical view of the problem of centrjpetal forces 
could be obtained, it was obviously hopeless to attempt its mathema- 
tical solution. Without stopping here to notice the partial researches 
of Hooke, Huygens, Wren, and Halley}, we shall at once proceed to give 
some account of the immortal discoveries of Newron. This illustrious 
philosopher was born in the year 1642, at Woolsthorpe, in the county of 
Lincoln. Before attaining the years of maturity he made a multitude of 
beautiful discoveries in Analysis, and was even in possession of the method 
of Fluxions when he was only twenty-four years of age. He was now 
about to enter upon a field of speculation which was destined to offer a 
magnificent theatre for displaying the resources of that powerful instrument 
of investigation. Pemberton states that Newton, having quitted Cam- 
bridge, for Woolsthorpe, in 1665, to avoid the plague, was sitting one day 
in his garden, when he was led to reflect on the principle which causes all 
bodies to tend towards the centre of the earth. As this tendency did not 
appear to suffer any sensible diminution on the tops of the highest build- 


* « Tdeoque planeta libratus apparebit et supernatans.” Theoricw Mediceorum Plane- 
tarum in causis physicis deducts. Florentie, 1666. * 

+ We shall have occasion to notice incidentally in the following pages the labours of 
these philosophers on the subject of centripetal forces. Newton commenced his re- 
searches at least as early as any of his contemporaries; nor does it appear, throughout all 
this career, that he was indebted to one or other of them for any of his ideas. 
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ings, or even on ascending the loftiest mountains, it occurred to him that 
it might possibly extend to the moon; and, if it did, might be the cause 
which retained that hody in her orbit. Pursuing his meditations, he was 
led to imagine that a similar force directed continually towards the sun 
might retain the planets in their orbits. But a question naturally 
suggested by this generalization. of his ideas was this—Did the solar force 
act with the same intensity on all the planets, or did it diminish with the 
distance from the centre, as the slower motion of the more remote planets 
seemed to indicate? His next step, therefore, was to determine, by a 
mathematical investigation, the magnitude of the force which retains « 
body in a circular orbit, the force being continually directed to 
the centre of the circle. The solution of this problem gave him an 
expression for the centripetal force in terms of the velocity of the body 
in its orbit and its distance from the centre, or, which amounts to the 
same thing, in terms of the periodic time and the distance. Hence, 
when the relation between these two elements was known, it was easy to 
express the force in terms of the distance alone, and by this means to 
ascertain the law according to which it varied. Now, Kepler had shown 
that the squares of the periodic times of the planets are proportional to 
the cubes of their distances from the sun; Newton hence inferred that 
the planets are rétained in their orbits by a force directed towards the 
sun and varying inversely as the square of the distance from his centre. 
The result of Newton's investigation relative to the law of attraction 
was strengthened by the snalogy which other natural emanations 
from centres offered: but it would manifestly have received a vast 
accession of support if it were found that the attraction exerted by 
the earth upon the moon, when compared with her attraction of ob- 
jects at the surface, diminished also according to the same law of the 
distance. The solution of this question might; therefore, now be con- 
sidered as the experimentum crucis which was to decide whether Newton 
had penetrated into the secret of the celestial motions, or whether he had 
been occupying his mind with speculations of a purely mathematical 
nature. Now, the force which determines the descent of a body at the 
surface of the carth is measured by the space through which it falls into a 
given small portion of time; and the force which retains the moon 
in her orbit is measured by the versed sine of the small are de- 
scribed by her in the same time; for, if no force had acted, the moon 
would have proceeded in the direction of a tangent to her orbit, and the 
versed sine being the measure of deflection from the tangent, indicates, 
therefore, the. intensity of the deflecting force. It is obvious that, in 
order to compare these two small spaces, they must both be expressed in 
terms of the same unit, as a foot for example. Now, the versed sine of 
the lunar are is readily expressed in terms of the radius of the orbit, and 
again the latter is derivable from the earth’s radius by means of the lunar 
parallax. The question relative to the comparison of the two forces is, 
therefore, finally reduced to the determination of the distance in feet, 
between the centre of the earth and the surface. This object may be 
very readily effected when once the length of a given arc of the meridian 
is known ; but, at the time we are considering, this point was by no means 
accurately ascertained. Newton employed in his caleulation the rough 
estimate of GU miles to a degree, which was in use among geographers 
and navigators; whereas the real length of a degree is about 694 miles, 
Tt may hence be readily inferred that the result obtained by him did not 
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satisfy his expectations. Having determined the earth’s force upon the 
moon by diminishing the gravity of bodies at the surface in the ratio of 
thé square of the distance from the centre, and then compared the result 
with the force indicated by the motion of the moon in her orbit, he found 
that, instead of the two quantities being exactly equal, the former ex- 
ceeded the latter by about one-sixth. Deeming this discordance too great 
to justify his bold surmise, he laid the investigation aside, doubtless with 
the intention of reconsidering it at some future time. : 

Newton's attention was again called to the subject of centripetal forces, 
by a letter he received from Hooke, in 1679, relative to the path described by 
a projectile, taking into account the effect of the earth's diurnal motion. 
Hooke was unquestionably endowed with a genius of a very high order; but, 
partly from the desultory character of his researches, and partly from his 
deficiency in mathematical skill, he has not achieved results by any means 
commensurate with his great acuteness and originality. As early as the year 
1666 he had illustrated, by means of a beautiful experiment, the motion 
of a body revolving in an ellipse under the influence of a force directed 
continually to the centre; and, in his letter to Newton on the occasion 
above referred to, he declared that, if gravity decreased according to the 
reciprocal of the square of the distance, the path of a projectile would be 
an ellipse, having the centre of the earth in the focus. Although this 
assertion was unaccompanied by any proof, and consequently did not 
possess any merit beyond that of a sagacious conjecture, still it excited a 
strong interest in the mind of Newton, who had already devoted much 
attention to the subject of central forces. His researches had hitherto - 
been confined to bodies revolving in circular orbits: he now proposed to 
sti a the vastly more difficult question of a body revolving in an 
orbit of variable curvature. 

Considering generally the motion of a body projected in free ee 
and exposed to the incessant action of a force tending towards a fixed 
centre, he arrived at the remarkable conclusion, that an imaginary line 
joining the centre of force and the body would constantly sweep over 
equal areas in equal times. Now Kepler had found that the planets 
revolve round the sun precisely according to this law ; it followed,. then, 
that all these bodies were retained in their orbits by a force directed con- 
tinually to the centre of the sun. 

It still remained for Newton to investigate the law of the force correspond- 
ing to the variation of the distance in the same orbit. According to Kepler's 
first law, the planets move in ellipses, having the sun in one of the foci. The 
question, therefore, was to determine the law of the force by which a body is 
compelled to revolve in an elliptic orbit, the force being continually directed 
to one of the foci of the ellipse. This problem is of a much more complex 
character than the similar one relative to a circular orbit. In order to form 
some idea of the difference between the two cases, we may remark generally, 
that when a body has once received an impulse in any direction, it would 
persevere with a uniform motion in the direction of the impulse, if it were 
not exposed to the influence of any extraneous force. Now, when a body 
revolves in a curvilinear orbit, it is continually changing the direction of 
its motion ; this is, therefore, a clear proof that it is acted upon by some 
force which continually deflects it from the tangent to the orbit in the 
direction of which it is every instant naturally endeavouring to move. 
Now, the force required to retain a body in acurvilinear orbit at any given 
point depends partly on the curvature of the orbit and partly ‘on the 
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velocity with which the body is moving; for, with the same velocity, but a 
greater amount of curvature, the body will require to be deflected in a 
given time through a greater space, and therefore the deflecting force must 
be more intense; and ‘again, for the same amount of curvature, but a 
greater velocity, the body will be deflected in a less time through the same 
space, and therefore in this case also the force will be more intense. In 
order that the centripetal force may retain the body in its orbit without 
producing any other effect, it is necessary that it should constantly act at 
right angles to the tangent; for, if it act in an oblique direction, it will 
be partly expended in increasing or diminishing the tangential motion, 
according as the body is approaching to, or receding from, the centre of 
force. Now, when a body is compelled to revolve in a circular orbit by a 
force tending continually to the centre of the circle, the direction of the 
force is constantly perpendicular to the tangent; and therefore the force 
neither accelerates nor retards the body, but simply retains it in its orbit. 
The velocity of the body will, therefore, continue uniform, and, since the 
curvature of a circle is also uniform, it follows, from what we have already 
stated, that the centripetal force will have the same intensity for every 
point of the orbit. 

But the question is much more complicated when we consider 
the motion of a body in an elliptic orbit. In this case, the force acts 
in an oblique direction with respect to the tangent at every point of 
the orbit except the two extremities of the major axis, and hence it is 
constantly expended, partly in deflecting the body into its orbit, and partly 
in accelerating or retarding the tangential motion. The velocity being 
therefore variable, and the same being true with respect to the curvature 
of the ellipse, it follows that the deflecting force which depends upon these 
two elements is also subject to continual variation. This force, however, 
which constantly acts at right angles to the tangent, can only be increased 
or diminished by means of a corresponding change in the intensity of the 
centripetal force, of which it forms one of the resolved parts. It follows, 
therefore, that the centripetal force varies not only from being more or 
less effectual in retaining the body in its orbit, but also because the 
elements upon which the effective part depends are also in a state of 
continual variation *. 

The preceding remarks may serve in some degree to show the peculiar 
difficulties of the problem which now suggested itself to Newton. En- 
veloped as it was in complications and obscurities, his inventive genius 
devised the means of itssolution, and he found that the centripetal force varied 
inversely as the square of the distance from the focus of the ellipse. This 
result accorded in a most satisfactory manner with the conclusion to 
which he was conducted by his previous researches, founded on the sup- 
position of the planets revolving in circular orbits. Assuming the solar 


* The resistance offered by a body to move in a curvilinear orbit has been termed its 
centrifugal force ; it is therefore equal, and opposite to, the resolved part of the centri- 
petal force, which acts perpendicularly to the tangent. Hence, when a body revolves in a 
circular orbit by means of a force directed to the eentre of the circle, the centripetal and 
centrifugal forces will be equal; but, in every other case, the latter of these forces will ex- 
ceed the former, and will tend not to the centre of force, but to the centre. of the circle 
of curvature, corresponding to the infinitely small arc of the orbit in which the body is 
moving at the given instant. It is obvious that the centrifugal force has no positive ex- 
istence ; it merely arises from the resistance offered by the inertia of the body, in virtue 
of which the latter tends constantly to persevere in a straight line, 


24 HISTORY OF PHYSICAL ASTRONOMY. 


force to extend to the remotest planets, and to vary everywhere according 
to the inverse square of the distance from the sun, he demonstrated that 
the squares of the periodic times of the planets would be proportional to 
the cubes of their mean distances. This was the third of Kepler's famous 
laws of the planetary motions. It-followed, therefore, that the law of the 
inverse square of the distance was true, not only when the distances re- 
lated to the same orbit, but even when they were compared in different 
orbits. He had already arrived at this conclusion, by assuming the orbits 
to be circular, and now he found it to be demonstrable for the more 
rigorous case of elliptic orbits. z 

Notwithstanding the satisfactory nature of Newton's researches relative 
to the planets, the law of gravitation appeared to his cautious mind to be 
imperfectly established, so long as the serious discordance offered by the 
moon remained unexplained. A circumstance, however, had recently oc- 
curred, which induced him to suspect. that the cause of this discordance 
Jay in assuming an erroneous value for a degree of the meridian. We have 
mentioned that, in computing the earth’s semi-diameter, he used the com- 
monly received estimate of 60 miles to a degree. Picard, the French as- 
tronomer, however, having in the intermediate period measured an arc of 
the meridian with great care, and obtained a result considerably different, 
he resolved to repeat his previous calculation by means of it. "To his un- 
speakable delight he now obtained a result which completely harmonized 
with his researches on the planets. Assuming that the semi-diameter of 
the lunar orbit was equal to 60 semi-diameters of the earth, he found that 
the space by which the moon-is deflected from the tangent to her orbit in 
one minute is exactly equal to the space through which bodies at the 
earth’s surface fall in one second. In order to appreciate the conclusive- 
ness of this result, we may remark that, when a body is acted upon by a 
continuous force during a small portion of time, the space described by 
it in consequence varies in the direct ratio of the force and the square 
of the time. Hence if the force be supposed to vary in the inverse - 
ratio of the square of the distance, the space will vary as the square of 
the time directly and the square of the distance inversely. It is clear, 
then, that when two bodies are placed at unequal distances from the centre 
of force, the minute spaces through which they are drawn by the force can 
only be equal, when the time, during which the more remote body is under 
the influence of the force, exceeds the corresponding time of the nearer 
body, in the same ratio in which its distance from the centre exceeds the 
corresponding distance of the other. Conversely, if two bodies fall through 
equal spaces in times which are to each other in the direct ratio of the 
distances from the centre of force, we may conclude that the force varies 
in the inverse ratio of the square of the distance *. Now, Newton assumed 
in his calculation that the moon is 60 times more distant from the centre 
of the earth than objects at the surface; and he found that the time occu- 


* Let f f’ be the force of gravity at the earth’s surface and at the moon, d d! the cor- 
responding distances from the carth’s centre, s s’ the minute spaces through which bodies 
would fall at those distances in the times ¢ ¢’; then, as mentioned in the text, we have 
s=aft, =a f t a being a constant quantity. Now, if we assume with Newton; 
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that s=s', we have f =f ¢?; hence f: f'n 2:7. But Ren found that ¢: fs: 
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pied by her in falling through a given space * was ex€ctly 60 times greater 
than that occupied by a body at the earth's surface in falling through an 
equal space. It thus appeared that the force which retained the moon in 
her orbit, as deduced from her actual motion, was Jess than the force of 
gravity at the earth’s surface, in the exact ratio of the inverse square of 
the distance from the centre of the earth+. 

When Newton had thus satisfied himself by indisputable evidence that 
he had discovered the true law of gravitation, he proceeded to investigate 
more profoundly its real character. He had found that the planets gravi- 
tate towards the centre of the sun, and the satellites towards the centres 
of their respective primaries, but it did not escape his sagacity that these 
points could not of themselves exert any physical influerice; and that the 
attractive force was directed towards them solely in consequence of the 
mass of material particles which in each case surround them. He was 
thus led to regard the principle of attraction as residing in the constituent 
particles of the attracting body, and to conclude that the tendency of the 
foree to. the centre was no other than the resultant of all the molecular 
forces acting with unequal intensities and in different directions. In or- 
der to establish this important fact, it was necessary for him to investigate 
the ngtire of the attraction exercised by a mass of particles agglo- 
mergfed in the form of a sphere; for observation shewed that all the 

enly bodies were spherical, or very nearly so. In the course of these 
searches he was conducted to the remarkable conclusion that, if the 
sphere were of uniform density, or even if it consisted of concentric strata 
of uniform density throughout each stratum, but differing in density from 
one stratum to another, the combined effect of the attraction of all the 
molecules would be the same, both in intensity and direction, as if the 
whole mass had been collected at the centre. This result afforded a most - 
satisfactory explanation of the fact that, in accounting for the motion of the 
planets by a solar force, varying according to the inverse square of the dis- 
tance, it was in all cases found necessary to measure the distance from the 
centre of the sun; and the same explanation applied to the motions of 
the satellites round their respective primaries. 

Having thus assured himself that the tendency towards the central body 
was due to a quality inherent in the constituent particles, and not to any 
virtue residing in the centre, he naturally was led to suppose that this 
tendency must be mutual for all the parts of matter, and that as the sun 
attracts the planets, and the planets the satellites, so, in like manner, the 
planets attract the sun, and the satellites the planets, and even objects at 
the surface of the earth attract the earth. The equality of action and re- 
action, which was strikingly illustrated in all the other relations of the 
material world, rendered this proposition self-evident; nor did his sagacity 
fail to discover scnsible manifestations of this principle in the irregular 
movements of the celestial bodies, especially in those of the moon}. He 






* The force which retains the moon in her orbit is here supposed to act in the same 
direction during a very short space of time. This supposition is not strictly true, but for 
a very small arc of the lunar orbit it cannot sensibly affect the final result. 

+ It is said that Newton became so much agitated as’soon as he began to suspect the 

robable result of his calculation, that he was compelled to assign to a friend the task of 
Pinging it to a conclusion. 

t Cotes, in his admirable preface to the second edition of the Principia, demonstrates 
in the following simple and convincing manner that the action of gravity is equal on both 
sides: —-* Let the mass of the earth be divided into any two parts whatever, either equal or 
anyhow unequal; now, if the weights of the parts towards cach other were not mutually 
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therefore finally arriv8d at the conclusion, that every particle of matter in 
the universe attracts every other particle, with a force varying inversely as 
the square of their mutual distances, and directly as the mass of the 
attracting particle. 

When Newton had thus ascended to the principle of gravitation in its 
most comprehensive form, he devoted the whole energies of his vast 
intellect to the unfolding of its consequences; and, with a sagacity and 
power of investigation unexampled in ancient or modern times, he suc- 
ceeded in tracing all the grand phenomena of the universe to its agency. 
Considering generally a body projected in free space, and exposed to the 
action of a central force, varying according to the inverse square, of 
the distance, he demonstrated, by means of a beautiful geometry which 
he had specially invented for such researches, that the body would re- 
volve in a curvilinear orbit which would be some one of the conic sec- 
tions. It might be a circle, an ellipse, a parabole, or an hyperbola, but 
it must necessarily be one of them—the question as to the particular 
species of curve depending entirely on the primitive position of the body, 
and the velocity of the impulse. “He showed that, when once the initial 
distance and the velocity and direction of the impulse were given, not 
only the conic section in which the body would move was readily 
assignable, but also the magnitude, position, and form of the orbit, 
Applying these principles to the motions of comets, he discovered that 
these bodies, like the planets, are retained in their orbits by the at- 
traction of the sun; and he invented a method for determining the ele- 
ments of a comet's orbit, by means of three distinct observations. 

He perceived that, while the planets and «satellites are mainly 
influenced by the attraction of the central bodies round which they 
revolve, they are also liable to be disturbed in their motions by their 
mutual attraction. Considering the moon as disturbed by the sun in her 
orbit round the earth, he found that the action of that «body would ac- 
count for the numerous inequalities which astronomers had from time to 
time detected in her motion.. He demonstrated that the mean effect of 
such a disturbing force would be to cause the apsides to advance in the 
direction of the moon’s motion, and the nodes to regress-in the opposite 
divection, both of which results are conformable to observation: nor did 
he stop here, but actually computed the exact quantity of many of the 
most important of the lunar inequalities. He discovered that the mutual 
gravitation of the molecules composing the earth’s mass, combined with 
-the centrifugal force generated by her motion round her axis, would cause 
her to be flattened at the poles. “Assuming the actual figure to be an oblate 
spheroid, he assigned the ratio between the polar and equatorial axes, and de- 
termined the law of gravity at the surface. With a sagacity almost divine, he 
perceived that the action of the sun and moon upon the redundant matter 
accumulated at the equator, would produce the slow conical motion of the 
earth’s axis which occasions the Precession of the Equinoxes, and he indi- 
cated the quantity of the motion due to each of the two disturbing bodies. 
He shewed, also, that the attraction of the sun and moon, by elevating the 
waters of the ocean, would continually disturb their equilibrium, and would 
thereby give rise to the phenomenon of the Tides. Finally, what is 


equal, the lesser weight would give way to the greater, and the two parts joined together 
would continue moving in a right line ad infinitum, towards the part to which the greater 
weight tends; a result which is entirely contrary to experience.” 
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perhaps the most astonishing of all the results to which he was conducted 
by his. theory, he found that the’ quantities of matter contained in the 
heavenly bodies might be ascertained by observing the effects of their 
moutual attraction. By means of this principle, he was enabled to com- 
pare the mass of the sun with the masses of those planets that are accom- 
panied by satellites, and also to compare the mass of the moon with that of 
the earth *. 

Newton has given a full exposition of these sublime discoveries in his 
immortal work, the Principia. As the appearance of this work was 
destined to introduce a new era in science, it may not be uninteresting to 
mention briefly the circumstances connected with its publication. Newton 
does not appear to have contemplated communicating to the world his 
researches on the subject of gravitation until the occasion of a-visit paid 
him by Dr. Halley in 1684. About the beginning of that year, Halley 
had discovered, by means of Kepler's third Jaw, that the centripetal force 
for circular orbits varied according to the inverse square of the distance. 
This result gave him the law of the solar force from one orbit to another, 
on the supposition that the planets move in circles, with the sun in the 
centre; but, as in reality, they move in elliptic orbits, with the sun in the 
focus, the distance, in the same orbit, was subject to continual variation ; 
and hence it became necessary to ascertain the corresponding variation of 
the force. Finding his mathematical powers inadequate to the task of 
successfully grappling with this more difficult problem of dynamics, he 
applied to Wren and Hooke, in hopes of receiving from either of them 
a solution of it. Wren, according to Newton's statement, had deduced the 
Jaw of the inverse square of the distance (for circular orbits) several years 
previous to Halley's present communication with him. When Halley pro- 
posed to him the problem of the law of the force in an elliptic orbit, he 
replied, that he had bestowed much thought on it, but was compelled to 
give it up from inability to make any impression on it. Hooke asserted 
that he had solved it,-and had found that the force varied according to 
the inverse square of the distance. When pressed to produce his solution, 
he refused to do so, declaring that he would conceal it, until others trying 
and failing, might know how to value it when he should make it public. 
It is quite clear, however, that he was unable to support his assertion by 
any mathematical proof, for if such had been the case he would have given 
it forth to the world as the surest means of vindicating his claims, when 
he attempted, a year or two afterwards, to appropriate to himself the credit 
of Newton's discoveries. : 

Unable to obtain a solution of this interesting problem from any of his 
acquaintance in London, Halley proceeded to Cambridge, in the month of 
August, 1684, for the express purpose of conferring with Newton on the 
subject. To his inexpressible delight, he learned-the good news that his 
friend had already brought the demonstration to perfection. So little was 
Newton’s mind occupied at this time with such researches, that he was 
unable to lay his hand on the papers relating to them when Halley visited 
him, but he promised to send them to him soon after his return to 
London. It appears that Newton subsequently worked out the propo- 
sitions afresh, and transmitted them to Halley, in the month of November 
of the same year. Halley immediately set out upon a second visit to 

* For a concise but very luminous exposition of the mode by which Newton established 


the principle of gravitation, see the “ History of Astronomy,” Library of Useful Know- 
ledge, p, 83, et seq. 
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Cambridge, to procure more information, and to encourage Newton to 
pursue his researches. In December, of the same year, we learn the 
progress of Newton’s labours, from Halley's announcement to the Society, 
on the 10th of that month, “ that he had lately seen Mr. Newton, at Cam- 
bridge, and that he had shown him a curious treatise ‘de Motu,’ which, 
upon his desire, he said was promised to be sent to the Society, to be 
entered upon their register.”* In fulfilment of his promise, Newton 
transmitted to the Society, about the middle of February, 1685, a paper 
containing his early researches on centripetal forces. This communication 
consisted of eleven propositions, the greater number of which were similar 
to those which subsequently formed the second and third sections of the 
Principia. Newton, in acknowledging the registration of his paper by the 
Society, thus writes to Mr. Aston, the secretary, on the 23rd of February. 
“T thank you for entering in your register my notions about motion. ‘I 
designed them for you before now; but the examining several things has 
taken greater part of my time than I expected, and a great deal of it to 
no purpose. And now I am to go into Lincolnshire for a month or six 
weeks, Afterwards I intend to finish it as soon as I can conveniently.”+ 
It is quite clear from the above letter that, although Newton was already 
in possession of the groundwork of all his discoveries in Physical 
Astronomy, he had uot at this time developed his thoughts beyond the 
substance of the brief essay transmitted to the Society. Indeed, he can 
hardly be said to have entered seriously upon the composition of the 
Principia until his retwn to Cambridge, in April, 1685. Mr. Rigaud 
has justly remarked, in reference to this fact, that the Principia was not 
& protracted compilation from memoranda which might have been written 
down under the impression of different trains of thought. It had the 
incalculable advantage of being composed by one continued effort, during 
which the mutual bearing of ail the several parts was vividly presented to 
the author's mind t. 

On the 21st of April, 1686, Talley read before the Royal Society a 
paper on gravity; in which, after alluding to the labours of Galileo, 
Toricelli, and Huygens, he mentions the truths “now lately discovered 
by our worthy countryman, Mr. Isaac Newton, who has an incomparable 
‘Treatise of Motion’ almost ready for the press.”§ ‘The prospect held out 
by Halley was very soon realised; for, on the 25th of the same month, 
Dr. Vincent presented to the Society a manuscript treatise of Mr. Isaac 
Newton's, entitled, ‘ Philosophie Naturalis Principia Mathematica.” 
This was the first book of the Principia. ‘he Society directed that a 
letter of thanks should be addressed to the author: they also referred the 
question of printing it to the consideration of the Council, and the drawing 
up of a report on it to Dr. Halloy. On the 19th of May, the Society 
ordere.. that the book should be printed forthwith : whence an impression 
has been generally formed that the Principia was printed at the expense 
of that body. ‘This conclusion, however, is not borne out by the words on 
the title page of the work, which are, “Jussu Societatis Regiw,” not 
“ Jussu et Sumptibus,” as was usual in those cases where the expense of 
printing was defrayed out of the funds of the Society. But a decisive 


* Journal Book of the Royal Society; see also Rigaud’s Historical Essay on the first 
publication of the Principia. " Oxford, 1838. . 

t Letter Book of the Royal Society, vol. x. p. 28. See also Rigaud’s Essay. Apes 
pendix, page 24. The original letter has not been discovered. 

+ Rigaud’s Essay, page 25, § Phil. Trans., vol. xvi. p. 6 
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refutation of the current opinion is furnished by a resolution passed at the 
meeting of the Council on the 2nd of June, to the effect that Mr. Newton's 
book be printed, and “ that E. Halley shall undertake the business of 
looking after it and printing it af his own charge, which he engaged to 
do.” ‘The fact is, that when the Council, which took cognizance of all the 
pecuniary affairs of this Society, came to consider the resolution adopted 
at the general meeting of May the 19th, they found that the state of their 
finances could not admit of their carrying it into effect. A work, “De 
Historia Piscium,” by Fr. Willughby, had been published in 1686, “Jussu 
et Sumptibus,” and the outlay incurred by this publication appears to have 
completely exhausted the funds of the Society. To such extremities, 
indeed, were they reduced by this act of imprudent liberality, that they 
were compelled to pay their officers in copies of this work on fishes, in 
consequence of their inability to procure purchasers for it. 

Meanwhile a violent reclamation was raised by Hooke relative to the 
discovery of the law of gravitation. This individual, who would be well 
entitled by his genius to occupy a high place in the history of physical 
science, if he had displayed more uprightness and moderation in his rela- 
tions with contemporary philosophers, had no sooner heard of the manu- 
script which Dr. Vincent had presented to the society in Newton's name, 
than he asserted that it was he who first communicated to the author the, 
law of the inverse square of the distance, as well as various other dis- 
coveries announced in the manuscript. We have mentioned that, as early 
as 1666, Hooke had arrived at very accurate notions on the subject of 
centripetal forces. In 1674 he published a work, entitled “An Attempt to 
prove the Motion of the Earth from Observations,” in which he deseribes 
the general nature of gravitation with remarkable clearness and accuracy. 
Although, however, he remarked that the attractive forces acting between 
bodies “are more powerful as the distances from the centres are less,” it is 
quite clear that the idea of computing by a mathematical investigation the 
intensity of the force in any case at different distances from the centre, 
and thereby ascertaining the law of its variation, did not at all occur to 
him; for, after referring to the varying intensity of the force, he then 
goes on to say: “now what these several degrees are I have not yet ex- 
‘perimentally verified.” It would appear, however, that, guided by the 
analogy of other emanations from centres, he had subsequently adopted 
the inverse square of the distance as the law of the force which retains 
the planets in their orbits; and then, extending the same law to the 
earth, he concluded, by an inversion of the question, that the path of a 
projectile was an ellipse, with the centre of the earth in the focus. We 
have mentioned already that Hooke was unable to produce a demonstra- 
tion of the law of the inverse square of the distance, although he boasted 
repeatedly that he had arrived by legitimate reasoning at that result. 
The fact is that, although a man of extraordinary acuteness in physical 
matters, he had no talents for mathematical science; and this defect con- 
stituted an effectual bar towards his establishing, upon a satisfactory basis, 
any of the great truths relating to the theory of gravitation. 

But although Hooke’s powers were inadequate to the complete investi- 
.gation of the problem of centripetal forces, there was much merit in the 
clearness with which he pointed out the mode in which a body is retained 
in a curvilinear orbit by a force continually directed towards a fixed cen- 
tre. His views on this subject were in strict accordance with mechanical 
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principles, and it must be admitted that they formed an important step’ 
towards a rigorous solution of the problem. : 

When Halley learned the extreme 1 Spas of Hooke, he deemed it 
his duty to acquaint Newton with the arge preferred against him. This 
called forth a long and interesting letter from Newton, dated June 26th, 
1686, in which he mentions a variety of particulars connected with the 
progress of his researches. He asserts that he had discovered the law of 
the inverse square of the distance (for circular orbits) even previous to the 
publication of Huygen’s treatise “De Horologio Oscillatorio.”* He 
admits that he was led to consider the law of the force in an elliptic or- 
bit by Hooke's letter to him in 1679, but he Positively denies being in- 
debted to him in any other way for the results at which he arrived, This 
letter contains some interesting information relative to the progress of hig 
labours in composing his great work. “I designed,” says he, “the whole 
to consist of three books; the second was finished last summer, being 
short, and only wants transtribing, and drawing the cuts fairly. Some 
new propositions I have since thought of, which I can as well let alone, 
‘The third wants the theory of comets.” Thus it appears that, about fif- 
teen months after he returned from Lincolnshire to Cambridge, he had 
almost completed the three books of the Principia. This fully corrobo- 
rates the statement of Pemberton, that Newton was engaged only about 
“eighteen months in the composition of his immortal work. When we 
contemplate, in connexion with this fact, the prodigious mass of original 
discoveries announced in the Principia, the mind is lostin amazement at the 

power of thought which could have reared into existence so stupendous a 
monament in such a brief space of time. 

Newton seems to have been so much disgusted with Hooke’s violent conduct, 
that, in the letter above referred to, he intimated his resolution to suppress 
the third book altogether, containing the i pore? of his dynamical dis- 
coveries to the system of the world. On the occasion of announcing his 
splendid discoveries in Optics at an earlier period, he had experienced much 

annoyance from the ignoranceand jealousy of rival claimants, and he now feared 
that his peace of mind might be disturbed again by A similar cause. “ Philo- 
sophy,” says he, ‘is such an impertinently litigious lady, that a man had as 
good be engaged in lawsuits, as have to do withher. I found it so formerly," 
and now I am no sooner come near her again but she gives me warning. 
‘The two first books wishout the third will not bear so well the title of ‘Phi- 
losophiw Naturalis Principia Mathematica ;’ and therefore I had altered it 
to this, ‘De Motu Corporum libri duo; but upon second thoughts I rethin 
the former title, ‘twill help the sale of the book, which I ought not to di- 
minish now ‘tis yours.” Halley wrote a soothing reply to Newton, declar- 
ing his belief in the groundlessness of Hooke’s charges, and imploring him 
not to persevere in his resolution of suppressing the third. book of his 
work. Newton seems to have listened favourably to the advice of his 
friend, and he gave a proof of his conciliatory disposition by adding a 
scholium to the fourth proposition of the first book, in which he mentions 
that Wren, Hooke, and Halley, had all found, by means of the relation 
between the periodic times and the distances, that the force which retains 


* Ina subsequent letter to Halley, dated July 14th, 1686, he mentions having arrived * 
at the law of the inverse square of the distance, by means of Kepler's theorem, about 
twenty years previously, This would carry back his original speculations to about the 
time assigned to them by Pemberton. The original of this letter is in the guard-book of 
the Royal Society. 
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the celestial bodies in their orbits (supposed circular) varies according to’ 
the inverse square of the distance. 

It is impossible too much to admire the conduct of Halley in regard to 
the part he took in the publicatio® of the Principia. Indeed we may 
reasonably doubt whether that immortal work would ever have been 
written at all, if it had not been for his enlightened zeal in the cause of 
science; for Newton himself appears to have been imbued much more 
strongly with the love of pondering in secret over his discoveries, than he 
was urged by the equally natural feeling of communicating them to others. 
This disposition of mind’ was fostered by a lively recollection of the an- 
noyance hé’ had suffered from the publication of his researches in Optics, 
and the consequent dread he entertained of having his tranquillity again 
disturbed by a controversy with envious rivals. Halley, therefore, besides 
discovering the only individual living who could unfold the physical 
theory of the celestial motions, is entitled to the credit of having per- 
suaded him to communicate his discoveries to the world. Nor was this 
all; for, as has been already hinted, he defrayed the expense of publish- 
ing* the Principia, at a time too when his finances could ill afford such 
an outlay +; and also undertook the revision of it in its progress through 
the press. Posterity has retained a grateful recollection of those princes 
who at different periods of history have distinguished their reign by a 
munificent patronage of learning and science; but, among all those who 
have thus contributed indirectly to the progress of knowledge, there is 
none who exhibits such a bright example of disinterestedness and self- 
sacrificing zeal as the illustrious superintendent of the first edition of the 
Principia. It is pleasing to reflect that Halley received such a noble re- 
ward for his exertions in the splendid discovery with which his name is 
immortally associated, and to which he was mainly conducted by New- 
ton’s researches on comets. . 

The Principia was published in 1687, and was dedicated to the 
Royal Society. At the beginning of it was inserted a Latin poem in 
hexameter verse by Halley, in honour of Newton’s discoveries. ‘The con- 
cluding line runs thus :— 


“ Nee fas est propius mortali attingere divos 5" 


“an eulogium,” says the severe Delambre, “ which no one has charged with 
exaggeration.” § 

The whole work is divided into three books. The first book treats of . 
motion in free space; the second is occupied chiefly with questions re- 
lating to resisted motion; the third is upon the system of the world. 

The first book is divided into fourteen sections, and contains ninety- 
eight propositions, besides a number of corollaries, lemmas, and scholia. 
In the first section, Newton explains the geometry which he employs in 
his subsequent investigations. It is termed by him the method of prime 
and ultimate ratios, and is essentially the same as the differential calculus. 
In the second section he enters upon the subject of centripetal forces, 
demonstrating Kepler’s theorem of areas, and investigating the law of the 


» Tt must be understood that Halley was subsequently reimbursed for the expenses 
connected with the publication of the Principia by the sale of the copies of the work. 

+ He was brought up in affluent circumstances, but in 1684 his father died, after com- 
pletely wasting his fortune. 

+ Nor is it lawful for mortals to approach nearer the Deity. 

§ Histoire de l’Astronomie de Dixhuitiéme Siécle, p. 2. 
oo 
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force in various curves. In the third section, he considers the motion of 
a body compelled to revolve in any of the conie sections by a foree 
directed continually to the focus. The fourth and fifth sections are 
purely geometrical, relating to methods of drawing conic sections through 
given points and touching given straight lines. The sixth section treats 
of the motion of x body in a given orbit. The seventh treats of the 
motion of a body ascending or descending in a straight line relative to the 
centre of force. ‘Ihe eighth contains the investigation of the orbit 
described by a body when the law of the centripetal force is given. The 
ninth relates to the motion of bodies in moveable orbits. This section 
contains the famous investigation of the motion of the apsides. The 
tenth treats of bodies moving on given surfaces, and of the motion of 
pendulams. . 

Hithertd .Newton has been considering only the motion of material 
points. In the eleventh section hoe investigates the motion of bodies 
exposed to their mutual attraction. The twelfth treats of the attraction 
of spheres. The thirteenth of the attraction of bodies not spherical. 
The fourteenth relates to the motion of small particles passing from one 
medium into another. d 

The second book is divided into nine sections, and contains fifty-three 
pepenoon It treats of bodies moving in resisting media upon different 

ypotheses of the resistance; and, whether moving in straight lines, or 
curves, or vibrating like pendulums. It also takes cognizance of the 
more recondite parts of several other branches of the Physico-mathematical 
sciences. The second lemma to the eighth proposition contains an 
exposition of the method of Fluxions, which is rendered necessary in most 
of the investigations of this and the following book. 

The third book contains forty-two propositions. From the first to the 
pane inclusive, Newton demonstrates various general theorems 
relative to the attraction of the sun, moon, and planets. In the nineteenth 
artd twentieth he investigates the ratio of the earth’s axes, and compares 
the weights of bodies at the surface in different latitudes. In the four 
following propositions, he shows that the precession of the equinoxes, the 
irregularities of the moon and the other satellites, and the phenomena of 
the tides, are all explicable by the principle of gravitation. From the 
twenty-fifth to the thirty-fifth inclusive, he computes the various in- 
equalities of the moon's motion. The thirty-sixth and thirty-seventh 
treat of the tides. The thirty-eighth, of the figure of the moon. The 
thirty-ninth, of the precession of the equinoxes. The remaining three 
propositions are devoted to the theory of comets. At the conclusion is a 
scholium to the whole work, containing general reflectiogs on the con- 
stitution of the material universe, and on the eternal and omnipotent 
Being who presides over it *. ; 

The publication of the Principia marks by far the most important 
epoch in the history of physical science. Previous to its appearance the 
researches of philosophers may be said to have resembled the voyages of 
the early navigators, who continued creeping timidly along the coasts, 
without daring to launch their barks into the boundless ocean. Newton, 
like another Columbus, disdained te confine himself within the common- 


* 

* Besides the original edition of the Principia, two others were published during 
the life of the author. The second edition was published at Cambridge in 1713, under 
the superintendence of Cotes. The third edition was published at London in 1726, by 
Pemberton. . : 
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place.conventtionulities of ordinary minds; and, guided by the eagle eye’ 
of. genius, explored the secret springs which animate a whole system of 
worlds. We cannot convey to the, neral reader a more adequate idea of 
the merits of the incomparable work just mentioned, than by 
citing the judgment pronounced upon it by the most illustrious of 
Newton's followers. Laplace, after enumerating the various astronomical 
discoveries first-announced in the Principia, concludes in the following 
ferms :—-“' The imperfection of the Infinitesimal Calculus, when first dis- 
covered, did not allow Newton to resolve completely the difficult problems 
which the system of the world offers, and he was often compelled to give 
mere hints, which are always uncertain until they are confirmed by @ 
rigorous analysis. Notwithstanding these unavoidable defects, the number 
and generality of his discoveries relative to this system, and many of the 
most interesting points of the Physico-mathematical sciences, the multi- 
tude of original and profound views, which have been the germ of the 
most brilliant theories of the geometers of the last century, ajl of which 
were presented with much elegance, will assure to the Principia a pre- 
eminence above all the other productions of the human intellect.” * 





“CHAPTER II. 


Newton's Intellectual Character considered in connexion with his Scientific Researches. — 
His Inductive Ascent to the Principle of Gravitation.—Motion of a Body in an 
Orbit of Variable Curvature.— Attraction of a Spherical Mass of Particles. Develope- 
ment of the Theory of Gravitation —General Effects of Perturbation. Inequalities of 
the Moon compfted.—Aid afforded by the Infinitesimal Calculus.—Figure of the 
Earth,.-Attraction of Spheroids,—Precession of the Equinoxes.—General accuracy of 
Newton’s Results. — Anecdotes illustrative of his Natural Disposition. — His Death and 
Interment. Sie 


Newrox was singularly endowed with all those qualities which enable the 
mind to unfold the laws of the material world. He could detect with a 
glance the distinctive features of natural phenomena, and with mar- 
vellons sagacity divine the principles on which they depended. With 
these valuable qualities he combined @ proneness to generalization, which 
constantly led, him to connect together the facts he was contemplating, 
and advance from them to more confprehensive views of the operations of 
nature. He possessed also powers of mathematical invention adequate on 
all occasions to surmount the difficulties he might encounter, either in 
ascending by induction to general laws, or in subsequently redescending 
from them to the explanation of their various consequences. When we 
consider, moreover, that he was imbued with an extreme love of truth, 
which induced him to reject all speculations, however ingenious and 
beautiful, that were not reconcileable with facts—that his whole soul was 
wrapped up in the study of nature and her works, and that he possessed 
in an extraordinary degree the power of concentrating the whole energies 
of his intellect upag the object of his researches, we may form some | 
conception of the advantages under which he approached the examination 
of ‘physical questions. It is, in fact, in consequence of his possession of 
‘ & * Exposition du Systéme du Monde, liv. v. chap. ¥. 
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‘all these qualities in so high a degree, that he stands without a rival 

* * . mt * . . 
among ancient or modern philosophers. His discovery of Universal 
Gravitation, beyond all comparison the greatest achievement that. the 
human mind can boast of, affords abundant illustration of the truth of 
this remark. Throughout the magnificent train of investigations which 
that discovery suggested to his mind, we see him constantly uniting the 
sagacious and comprehensive views of the genuine interrogator of nature 
with the fertility of invention, the skilful research, the profundity and 
elegance, of the consummate mathematician. We have, in fact, presented 
to us the unexampled combination in one individual of all those attributes 
of genius which ennoble the human intellect, and which have thrown the 
halo of immortality around the names of Kepler and Leibnitz—of Galileo 
and Descartes—of Bradley and Laplace. 

The transcendent powers of Newton's intellect are equally discernible 
in his inductive ascent to the principle of gravitation, and in his sub- 
sequent developement of its numberless consequences. Notwithstanding 
the sagacity he exhibited in connecting the fall of a stone at the 
surface of the earth with the motion of the moon in her orbit, and 
both of theso phenomena with tRe motions of the planets round the sun, 
he would inevitably have failed in establishing this sublime conception as 
a physical truth, if he had not also possessed sufficient mathematical 
‘genius to solve the problem of central forces for an orbit of variable cur- 
vature. ‘To those who are acquainted with the state of mechanical sci- 
ence in Newton’s time it would be superfluous to mention that the highest 
powers of invention were indispensable for this purpose. When we reflect 
on the fact that Kepler spent a considerable part of his life in vain efforts 
to establish a connexion between the motions of the planets and the con- 
tinual agency of some physical principle, that the question entirely escaped 
the sagacity of Galileo, and that Huygens, although in complete posses- 
sion of the laws of motion, was unable to advance in its solution beyond 
the case of a circular orbit, we may well.imagine the obscurity in which 
it, was enveloped, and the mathematical difficulties which the investigation 
must have offered. Even when Newton had succeeded in this research, 
he merely established the mutnal gravitation of the planets, accord- 
ing to the law of the inverse square of the distance, but he was not 
also enabled to extend the same principle to the ultimate particles 
of which the masses of the planets are composed. Im order to effect 
this object, and thereby to establish the law of gravitation in its 
widest generality, he was compelled to determine the effect of the 
attvaction of a spherical agglomeration of particles. This problem is 
of a totally opposite nature to the one already referred to; tor here we 
have an infinite number of particles in juxtaposition, all attracting the 
body with unequal intensities and in different directions. Its intricacy is 
manifest at first sight; nor was this circumstance compensated by any 
preliminary hints caleulated to facilitate its solution, for the mere con- 
ception of such a problem had uot yet oceurred to any mathematician. 
Newton, however, again triumphed over opposing difficulties, and thus 
succeeded in riveting, with the bonds of demonstrative reasoning, all the 
links of his magnificent generalization. 

In redescending from the principle of universalgpravitation, and pur- 
suing it into its remoter consequences, he displays even more astonishing 
force of genius than he does in the course of his inductive ascent. It 
might be supposed that when once the highest step of generalization was 
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attained, the functions of the natural philosopher would cease, andthe 
task of tracing the derivative truths of a principle so essentially con- 
versant with the abstractions of space and time as that of gravitation, 
would devolve entirely on the mathematician. This is indeed true to a 
great extent in our own day, when, from a few differcntial equations, in- 
volving the general law of gravitation, all the phenomena of the planetary 
motions may be derived by a proccss of pure symbolical reasoning. But 
in Newton's time such a method of investigation was utterly impracticable, 
for the groundwork of it could not be said to exist. The science of me. 
chanics was not sufficiently advanced to admit of the immediate transle- 
tion of the conditions of a problem into an analytical form * ; and even 
if such a step had been already possible, no further progress could have 
been made in the same direction without a more powerful calculus than 
Newton was in possession of. he theory of differential equations was 
yet a mere germ, and the arithmetic of angular functions}, which tends 
so much to condense and simplify the processes of analysis, and thereby 
to increase its efficiency, was utterly unknown. It was therefore solely 
upon the innate resources of his genius: as a philosopher and a mathe- 
matician that Newton had to rely in pursuing the consequences of the 
theory of  egeary Bya proband study of the mode in which forces 
operate, aided by his admirable sagacity in referring phenomena to their 
true physical causes, he was enabled to trace with astonishing accuracy 
the various consequences resulting from the mutual gravitation of the 
bodies of the solar system. It would be difficult for any mathematician 
of the present day, armed with all the resourees of mechanical science, to 
expound more fully and more clearly the general offects of perturbation 
than Newton has done in the sixty-sixth proposition, and its corollaries, 
of the first book of the Principia. When he proceeded to investigate the 
actual values of these effects, with the view of submitting his theory to 
@ rigorous comparison with observation, he found his path beset with 
mathematical difficulties infinitely more formidable than any he had 
hitherto encountered, in consequence of the excessive complication occa- 
sioned by the perturbing forces. Nor was the geometry he employed in 


* We allude here more especially to the investigations connected with the figures of 
the heavenly bodies, their motions around their centres of gravity, and the oscillations of 
the duids on their surfaces. 

+ Although the use of trigonometrical formule in analytical processes was not intro- 
duced ameng mathematicians until half a century after the publication of the Principia, 
it would perhaps be unsafe to pronounce a positive opinion on this point with respect 
to Newton himself, for his investigations show him to have been at least in complete pos- 
session of the algebraic character of angular functions. Thus, in tracing the horary 
motion of the nodes (Prin., book iii. prop. xxx.) by means of the triple product— 
sin TPIT. sin PTN. sin STN,-~or the moon's distancé from quadratures, her dis- 
tance from the nodes, and the distance of the nodes from the sun, he describes the effect 
upon the formula of the varying magnitudes of the several angles with as much apparent 
ease as the most. expert analyst of the present day could do. ‘The illustrious Kuler may, 
however, be considered as the real originator of this valuable extension of analysis, since 
it was he who first introduced it generally to the knowledge of mathematicians. This 
he did in his memoir on the inequalities of Jupiter and Saturn, which obtained for him 
the prize of the Academy of Sciences of Paris for the year 1748. After deriving the 
analytical expressions for the perturbing forces, he then proceeds in the following terms: 
—‘ La plupart du calcu®roulera done sur les angles, gue j’introduirai eux-mémes dans le 
caleul, en marquant leur sinus, cosinus, tangentes, cotangentes par les caractéres sin cos. 
tang, et cot. mises devant Jes lettres qui expriment les angles. Cela abregera trés eon- 
sidérablement le calcul surtout dans Jes integrations ct differentiations.”— Récherches des 
negalités de Jupiter et de Saturne, p. 15. m 
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these researches calculated to facilitate his labours. He loved, on all pos- 
sible occasions, to adhere to the synthetic method of the ancient geo- 
metets; but this course entailed upon him a vast expenditure of thought, 
—for not only was it with the utmost difficulty that the ancient geometry 
could be wielded in such delicate inquiries, but as it could not furnish 
any genoral method of investigation, he was compelled to devise a fresh 
mode of attack for cach successive problem, and thus his inventive powers 
were constautly called into scvere exercise. Notwithstanding the rude 
and unmanageable character of the instruments he had to deal with, he 
applied them with amazing dexterity to the computation of some of the 
most complex effects of perturbation, such as the irregularities of the 
moou's motion, the figure of the earth, and the precession of the equi- 
noxes. The difficulty of treating such subjects by the ancient geometry 
may he imagined from the fact, that no one of his successors has been 
enabled by its aid to advance a single step beyond the point at which he 
arrived *; and, in order to proceed with the further developement of the 
theory of gravitation, it has been found necessary to have recourse to the 
more easy aud comprehensive methods of analysis. 

Nor are the results to which he was conducted such rude approximations 
as one would be apt to suppose from the unsuitableness of synthesis for such 
intricate subjects. His researches on the lunar theory are especially re- 
markable for their ingenuity and clegance, and for the general accordance 
of the results with observation. He computed the inequality termed the 
variation, and fixed its mean value at 36’ 10+; Mayer, in his celebrated 
tables of the moon, made it 85’ 47”. Laplace considers the method pur- 
sued by Newton in investigatipg this inequality as forming one of the most 
remarkable portions of the Principia, and he has shewn that, by viewing it 
through the medium of analysis, it conducts to the usual differential equa- 
tions of the moon's motion !. He computed the mean motion of the nodes 
with still greater accuracy. H{ce obtaied 19° 18’ 1.28 for the regres- 
sion in a sidereal year $; the astronomical tables assigned 19° 21’ 227.50 
as the real value. The diflerence was therefore less than ;}5th part of 
the whole motion. He obtained equally satisfactory results for the horary 
motion of the nodes, and for the variation of the inclination correspond- 
ing to different positions of the moon and her nodes. He also computed 
sevoral other inequalities of a more hidden nature, but contented himself 
with mcrely announcing their greatest values||. Among these wero in- 
oluded the annual equation, which he fixed at 11’ 51”, assuming the 
eccentricity of the earth's orbit to be .016916. Mayer's tables give 
LV 14” for the cocfiicient of this equation. He also assigned the values 
of the inequalities in the mean motions of the apogee and nodes, de- 
pending on the motion of the earth in her orbit. The inequality of the 
apogee was fixed by him at 19’ 45”, and that of the nodes at 924”. Ac- 
cording to the modern tables these inequalities are equal to 22’ 17” and 9’ 07; 
they had entirely escaped the notice of astronomers until Newton derived 
them from his theory, It was while engaged in these profound researches, 
that the infinitesimal calculus, the brilliant discovery of his earlier years, 


* Maclaurin’s beautiful speculations on the attraction of elliptic spheroids may be 
considered as forming the only exception to this remark. * 

+ Principia, b. iii. prop. 29. 

f Mécanique Céleste, liv. xvi. chap. ii. 

§ Principia, book iii. prop. 32. 

i| Ibid, book iii, prop. 35. Schotium. 
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came so opportunely to his aid, by enabling him to sum up the effects of 
minute forces, varying every instant in intensity and direction. Itis frue, 
that the infant powers of this noble calculus were yet comparatively fecble; 
but still, without its aid, the problems relating to the perturbing action 
of the heavenly bodies would have been utterly unassailable, The success 
with which Newton investigated the lunar theory is astonishing, when the 
intricacy of the subject is considered. We may form some idea of the 
complicated character of the moon’s motion from the fact that it is only 
in our own day that all her irregularities have finally yielded to the scru- 
tinies of a most refined analysi . 
In one remarkable instance Newton failed to derive from his theory a 
result agreeing with observation. He had shown, by a method of uncom- 
mon ingenuity and subtlety, that a small disturbing force of the same 
nature with that exerted by the sun upon the moon would not sensibly 
alter the elliptic form of the disturbed body's orbit, but would, on the 
whole, cause the line of apsids to advance continually in the direction in 
which the body was moving}. When he applied this result to the theory 
of the moon, by calculating the mean motion of the lunar apogee, he 
obtained 1° 31’ 28” for the monthly progression. The value, however, 
seed by observation, amounted to 8° 4’, a quantity nearly double the 
result obtained by Newton. We shall have occasion in the next chapter 
to mention the origin of this discordance. 

The same commanding powers of investigation marked his pro- 
gress as he penetrated into still more recondite parts of his theory. His 
solution of the problem of the figure of the earth is a remarkable in- 
stance of his success in accomplishing a great result by very small means. 
He perceived that the mutual gravitation of the particles, combined with 
the effect of their diurnal rotation, would occasion a flattening of the earth 
at the poles; but the question was to ascertain its real form, and the 
ratio between the equatorial and polar axes. Proceeding upon the sup- 
position that the earth was originally in a fluid state, and that its density 
was homogeneous, he concluded that the forces acting upon the particles 
would cause it to assume the form of an oblate spheroid. This solution 
of a difficult question of hydrostatics was nothing more than a sagacious 
conjecture ; yet, strange to say, it was afterwards confirmed by a rigorous - 
investigation, founded on the conditions of equilibrium of a homogeneous 
mass. In order to determine the ratio of the axes, he conceived two 

. Solumns of the fluid to extend from the centre of the earth to the sur- 
face ;—one to the equator, and the other to’one of the poles. Since 
these two columns were in equilibrium, they would press each other with 
equal intensities, and hence the ratio of their lengths would be found by 
equating their weights. Now the weight of the equatorial column depends 

artly on the gravitation of the particles, and partly on their centrifugal 
force ; but as the polar column is not affected by the diurnal rotation, its 
weight will depend simply on the gravitation of the particles. The cen- 
trifugal’;foree of a particle is very easily ascertained by means of its 
aiatles motion and its distance from the centre, but its gravitation, result- 
ing from the combined attraction of the surrounding particles, can be 





* We allude to the result of M. Hansen’s recent researches relative to the irregularities in 
the moon’s epoch. We shall endeavour to give some account of this important discovery 
in its proper place. 

t 


‘rincipia, book i. sec. ix. prop. xlv. cor, 2. 
° 
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determined only by a profound mathematical investigation. Newton, by 
a method of great clegance, had previously found the gravitation of a 
particle within a spherical mass ; but the result he obtained on that occa- 
sion was useless in the present case, since the question now referred to a 
spheroid and not 4 sphere. He was thus led to consider a series of pro- 
blems relating to the attraction of spheroids, all of which he solved with 
great elegance by means of the ancient geometry*. Applying these results 
to the investigation in question, he then found, by an indirect but most 
ingenious process, that the polar axis of the earth was to the equatorial 
axis as 229 to 2804. The ellipticity of the earth is considerably greater, 
whence it may be inferred that the density is not homogeneous. It is 
remarkable, however, that Newton's solution of the problem on the sup- 
position of homogeneity is quite correct ; for when geometers subsequently 
applied to it all the resources of analysis and mechanics, they were con- 
ducted to exactly the same result. 

He also shewed that the spheroidal figure of the earth, combined 
with its diurnal motion, would cause the weights of bodies at the surface 
to vary in different latitudes; and this result of pure theory explained 
the singular fact first noticed by Richer, the French astronomer, who 
found that a clock regulated to mean time of Paris lost 2.28” daily at 
Cayenne in Africa t. 

His explanation of the precession of the equinoxes is one of the 
most beautiful illustrations of his genius. Conceiving a satellite to 
revolve round the earth in the plane of the equator, he had already 
found that the effect of a disturbing body extérior to it would be to 
cause the nodes of the satellite to regress on the orbit of the disturbing 
body. Imagining, then, a ring of such satellites to encompass the earth, 
the instantaneous effect produced on the ring by the disturbing body 
would manifestly be similar to thet produced on any one satellite in course 
of a complete revolution. The nodes of the ring would therefore con- 
stantly regress on the plane of the disturbing body's orbit, and if the 
ring actually adhered to the earth the nodes would still regress, but with 
a much smaller velocity, in consequence of the enormous mass of the 
earth participating in the regression while the moving force retained the 
same value. This is precisely-the real case of nature, the equatorial 
matter forming the circumambient ring, and the sun or moon representing 
the disturbing body. Thus, after the lapse of nearly two thousand years 
since its discovery by Hipparchus, the precession of the equinoxes was 
finally. traced to its physical origin. This grand phenomenon had in all 
ages appeared utterly inexplicable to astronomers; even Kepler, notwith- 
standing his unrivalled aptitude in the formation of hypotheses, was 
unable to account for it by any physical principle. Newton's explanation 
was 60 natural that it could not fail to carry with it instant conviction. 
Mr. Airy has well remarked that, ‘if at this time we might presume to 
select the part of the Principia which probably astonished and delighted 
and satisfied its readers more than any other, we should fix, without 
hesitation, on the explanation of the precession of the equinoxes.” § 

The sagacity which Newton displayed in the discovery of the true 





* Principia, book i, prop. 91, and book iii. prop. 19. 
+ Ibid., book iti. prop. 19, ‘ 

t Ibid, book iii. prop. 20, 

§ Encyc, Metrop., art. Figure of the Earth. 


: ve 
HISTORY OF PHYSICAL ASTRONOMY. 39 


cause of the conical motion of the earth, can only be equalled by his 
boldness in making it the subject of a mathematical investigation; for the 
theory of the motion of a rigid body around its centre of gravity was yet 
totally undeveloped. By means of several ingenious suppositions he suc- 
ceeded in bringing the problem within the reach of his geometry, and 
computed the quantity of precession due to each of the two disturbing 
bodies *. The imperfect state of mechanical science, combined with the 
intricacy of the subject, happened indeed in this instance to betray him 
into a mistake ; but his solution of this great problem was on the whole 
sound, and Laplace, who has critically examined it, has not failed to point 
out its excellent merits +. 

In pursuing his way through these abstruse researches, Newton Seems 
to have compensated by the innate resources of his genius for the defective 
state of his methods. The accuracy of his results, in many cases in which 
a rigorous course of investigation was impracticable, is one of the most 
inexplicable facts in the annals of science. His clear insight into the 
operation of physical principles and his fie discriminating judgment, 
qualities which contributed so effectually to enhance the value of his delicate 
researches in Optics, appear to have been equally favourable to him while 
engaged in considering the less tangible and less familiar relations of the 
system of the world. It is this wonderful facility of seizing truth as it 
were with a single bound, without pursuing the long avenue of sequences 
by which ordinary inquirers are conducted to it, which has led Delambre 
to remark that the words of Fontenelle, in relation to Cassini, might be 
much more appropriately applied to the English philosopher — “Un 
Astronome si subtil est presque un devin; on dirait qu'il pretend & la 
gloire d'un astrologue.” f 

It is much to be gegretted that Newton should have persevered so 
generally in expounding his discoveries by the synthetic methods of the 
ancient geometers, for it can hardly be doubted that he was in most cases 
conducted to them by analysis. He probably feared that the infinitesi- 
mal calculus would not be considered as imparting to his researches that 
character of severe reasoning by which the synthetic mode of demonstration 
is peculiarly. distinguished. His apprehension will appear by no means 
unreasonable, when we consider that the analytical instrument of inves- 
tigation was then in its infancy, and that very few persotis were acquainted 
with its true principles. By his practice, however, of presenting his re- 
searches in a synthetic form, he deprived himself of the honour attached 
to many.jmportant discoveries in analysis, which his results indicate him 
to have been in ‘possession of. The famous problem of the solid of least 
resistance affords a striking illustiation of this remark. In the scho- 
lium to the 84th proposition of the second book of the Principia, he gives 
the construction of this solid, but does not accompany it with any demon- 
stration. This is the first of a peculiar class of problems that was ever 
sdivéd; and it is clear, from Newton's construction, that he must have been 
acquainted with those principles of the infinitesimal analysis which form 
the basis of the Calculus of Variations §. 

” # Book iii. prop. 39. + Méc. CAl,, liv. xiv, chap. 1. 


$ Histoire de ]’Astronomie Moderne, tome ii. p. 739, and Histoire au Dixhuiti&sme 
Sidcle, p. 630. 

§ It is quite conceivable, when we consider Newton’s powers of generalization, that, if 
he bad devoted much attention to problems of this nature, he might have been conducted 
to the Calculus of Variations. We have no reason however to conclude, from his solution 

o0/ the problem cited in the text, that he was in possession of the general method of Lagrange 
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‘This illustrious philosopher, who contributed more than any other mortal 
ever did towards enlarging the domain of human knowledge, appears to 
have been quite unconscious of any difference between himself and or- 
dinary inquirers of nature. Alluding to his discoveries in a letter to Dr. 
Bentley, he says, “If I have done the public any service this way, it is 
due to nothing but industry and patient thought.” In fact, it was only 
by the most strenuous contention of mind, and the sternest subjection of 
the will, that even Newton was enabled to penetrate into the more recondite 
parts of the system of the world. One of his biographers has remarked * 
that, during the two years he was engaged in preparing the Principia, he 
lived only to calculate and think. Oftentimes lost in the contemplation of 
those grand objects to which it relates, he acted unconsciously, his thoughts 
appearing to take no cognizance of the ordinary concerns of life. Fre- 
quently, when rising -in the morning, he would be arrested by some new 
conception, and would remain for hours seated on his bedside in a state of 
complete abstraction. He would even have neglected to tuke sufficient 
nourishment if he had not been reminded by others of the time of his 
meals. Speaking of the mode by which he arrived at his discoveries, he 
said, “I keep the subject constantly before me, and wait till the first 
dawnings open slowly by little and little into a full and clear light.” On 
another occasion, when some of his friends were complimenting him on 
the great results he had achieved, he replied: “I know not what the 
world will think of my labours, but to myself it seems to me that I have 
been but as a child playing on the sea-shore; now finding some pebble 
rather more polished, and now some shell rather more agreeably variegated 
than another, while the immense ocean of truth extended itself unexplored 
before me,” What a lesson of humility is here conveyed to those ex- 
plorers of nature who cannot congratulate themsg]ves on the discovery 
even of such shells and pebbles as those which adorn the cabinet of the 
Principia. ' 

Newton died on the 20th March, 1727, at the advanced age of 
eighty-five years. Unlike some of his illustrious predecessors, he con- 
tinned throughout his long career to receive the honours due to his 
exalted genius, and his death was deplored as a national calamity. His 
funeral obsequies were performed with the ceremonies usually confined 
to persons of royal birth. His body lay in state in the Jerusalem 
Chamber, and was subsequently interred in Westminster Abbey, his pall 
having been borne by six peers. A monument was erected over his re- 
mains, the inscription upon which concludes with the following suitable 
words: ‘Sibi gratulentur mortales, tale tantumque extitisse humani 
generis decus.”} 


for this purpose, any more than we should be warranted in inferring from Fermat's theory 
of Maxima and Minima, or Barrow’s Method of ‘Tangents, that either of these mathema- 
ticians had discovered the Differential Calculus. The probability is, that in this, as in many 
other instances, Newton solved the problem merely en passant, attending less to the means 
than the end to be obtained by them. 

* Biot. Biographie Universelle.—See also Life of Newton, L.U.K. 

+ Let mortals congratulate themselves that so great an ornament of the human race has 
existed, 
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CHAPTER III. 


Circumstances which impeded the early progress of the Newtonian Theory.— Its reception 
in England.—Reception on the Continent.—Huygens, Leibnitz.— Researches in Ana- 
lysis and Mechanics.—Their influence on Physical Astronomy.—Problem of Three 
Bodies.— Motion of the Lunar Apogee.—Clairaut.— Lunar Tables.—Mayer. 


Norwrrnsraxpmsa the multitude of sublime discoveries by which the 
theory of gravitation was first announced to the world, no attempt was 
made to develope the views of its immortal founder, during the first half 
century that elapsed after the publication of the Principia. The seductive 
speculations of Descartes had already taken a firm hold of men’s minds, 
and had been introduced as a branch of scientific study into the principal 
universities of Europe. Independently of this circumstance, the profound 
and intricate reasoning, which Newton was compelled to adopt in the 
Principia; formed a serious impediment to the early dissemination of his 
doctrittes. As the questions considered in that immortal work were ge- 
nerally of'the-kind which required the aid of the higher geometry for their 
complete investigation, only a very small number of mathematicians were 
qualified to appreciate the evidence upon which-the conclusions of the au- 
thor were founded. The methods also which he employed in expounding 
his discoveries were almost wholly the creation of his own genius, and it 
was necessary to study them with deep atterftion in order to become fa- 
miliar with their real character. Hence it is easy to understand why the 
severe doctrines of the Principia corftinued long to be neglected, while 
the more accommodating principles of the Cartesian theory met with 
universal favour. 

The countty which gave birth to Newton may in some degree be con- 
sidered an exception to these remarks. ‘The Principia, upon its first ap- 
pearance, was read with admiration by the most eminent mathematicians 
of the day; and the sublime truths announced in it were enthusiastically 
embraced bythe more intelligent classes of the community. The uni- 
versity of St. Andrews, in Scotland, has the honour of being the first Aca- 
demic ‘Tnstitution which admitted the Newtonian theoryeas a subject of 
study. In 1690, James Gregory, the celebrated mathematician who was 
then -p1 r_ of philosophy in that university, published a thesis con- 
taining: -five positions, twenty-two of which are said to have formed a 
compendium of the Principia. The same principles were introduced into 
the university of Cambridge under the auspices of Dr. Samuel Clarke, 
the personal friend of Newton. Whiston first expounded them from the 
chair, in the year 1699. They were also taught at Oxford by Keil, as 
early us the year 1704. 

On: thé continent, all the great mathematicians were unanimous in 
their hostility to the Newtonian theory. Huygens, although he generally 
spesks of Newton in terms of profound admiration, was so strongly im- 

-with his own peculiar notions of gravity, that he failed to appre- 
ciate the: force of the reasoning by which the doctrines of his contemporary 
were supported. He admitted the mutual gravitation of the planets and 
satellites according to the law of the inverse square of the distance; but 
he-eould not be persuaded to extend. the same principle to the material 
molecules of which the several bodies are composed. He had adopted 
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Descartes’ notion of a vortex, to explain the descent of bodies at the 
earth’s surface; but in order to account for their invariable tendency to 
the centre of the earth, and not to the axis, he supposed the ethereal me- 
dium composing the vortex to circulate round the earth in all directions. 
In accordance with these views, he considered the force of gravity to be 
equally intense at all equal distances from the centre of the earth; and his 
investigation of the figure of the latter was founded simply on the statical 
relation connecting the absolute value of gravity with the centrifugal force 
generated by the diurnal motion. Alluding in one of his works to New- 
ton’s researches relative to the figure of the earth, he says that they are 
based upon a principle which appears to him inadmissible, inasmuch as it 
supposes that all the particles of matter attract each other; but this he 
contends to be an unfounded assumption, which cannot be reconciled with 
the established Jaws of mechanics. On another occasion his language, 
though moro cautious, is decidedly hostile to the doctrines of the English 
philosopher. “Newton,” says he, “believes that the space between the 
celestial bodies is void; or at least that the fluid pervading it is so rare 
as not to affect the motions of the planets; but, if this were true, my ex- 
planation of light and gravity would be entirely overthrown.” It is inte- 
resting to remark the sound views by which this distinguished philosopher 
was guided when his mind was not wholly under the influence of his own 
favourite notions, In course of some allusions to the Cartesian theory, 
he thus expresses his deliberate opinion respecting the merits of that cele- 
brated fiction. “The entire system of Descartes, concerning comets, 
planets, and the origin of the world, rests upon so weak a foundation, that 
I wonder how the author of it took the trouble of arranging so many re- 
veries. We should have achieved & great step if we succeeded in forming 
a clear idea of what really exists in nature, but we are still very far from 
having attained that end.”* 

Leibnitz and John Bernoulli were equally conspicuous iti their opposi- 
tion to the Newtonian theory. In 1689 Leibnitz published a physical 
dissertation in the Leipsic acts, in which he explained the motions of the 
planets by means of an ethereal fluid, somewhat after the manner of Des- 
cartes. By the aid of several arbitrary assumptions, he succeeded in shew- 
ing the possibility of an elliptic motion in a vortex, and hence deduced the 
law of the invetse square of the distance; but it is remarkable that, al- 
thongh he was indebted to Newton for the suggestion of this law, he merely 
incidentally mentions the name of the English philosopher in connexion 
with it; and appears to be totally ignorant of the Principia, although two 
years had passed since it was published. “I see,” says he “that this law 
has been already deduced by the celebrated geometer, Isaac Newton, as 
appears from an account of it given in the Leipsic acts, but I ani unac- 
quainted with the mode by which he arrived at it.” 

In France, the Cartesian philosophy, as may naturally be supposed, was 
for a long time even more popular than in any other country. Cassini, 
and Maraldi, persisted till their deaths in rejecting the theory of gravita- 
tion; and their example was generally followed by cottemporary astro- 
nomers. The earliest historical recognition of Newton's principles in 
France, is contained in a memoir by Louville, which appeared in the vo- 
lume of the Academy of Sciences for the year 1720. The motion of a 


* Kostnotheoros sive de Terris Celestibus carumque natura conjecture. 4to, Hage, 
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body in an elliptic orbit is there explained by means of two forces—the 
one & momentary impulse directed along the tangent; the other a con- 
tinuous force tending towards the focus of the ellipse. Maupertius was 
the first astronomer of France who undertook a critical defence of the 
theory of gravitation. In his treatise on the figures of the celestial bodies, 
which appeared in the year 1732, he compared together the theories of 
Descartes and Newton, and concluded by expressing a strong opinion in 
favour of that of the latter philosopher. The person, however, who con- 
tributed most to the general diffusion of the doctrines of gravitation in 
France, was unquestionably Voltaire. In 1738 that celebrated writer 
published a brief but very luminous exposition of Newton’s most import- 
ant discoveries in optics and astronomy. Being written in @ popular 
style, this little work soon found its way into all ranks of society; and 
from the time of its first appearance we may date the triumph of New- 
ton’s principles over those of his once redoubtable rival. 

Although Physical Astronomy may be considered as almost stationary 
during the .period we have been considering, there were causes in silent 
operation which contributed powerfully to its future developement. Since 
the time of its invention, by Newton and Leibnitz, the, infinitesimal ana- 
lysis continged to be assiduously cultivated by the most eminent mathemati- 
cians of ‘Birope, and was rapidly advancing to a high state of perfection. 
Without the aid of this powerful instrument of research, it would have been 
impossible to determine with precision the minute irregularities which 
take place in the motions of the planets in virtue of their mutual atirac- 
tion. Newton, in his investigations, had applied the ancient geometry 
with almost superhuman address; but he appeared to have utterly ex- 
hausted its resources, and no other course remained for his successofs 
than to devise other methods of greater fertility and more easy applica- 
tion, Leibnitz, and the two Bernouillis, by means of their brilliant re- 
searches in the new calculus, were unconsciously promoting this desirable 
end. ‘These eminent analysts little imagined, while sneering at the 


theory of gravitation, that their own labours were destined to become. . 


subservient in reconciling its most minute consequences with the observed 
motions of the celestial bodies, and thereby in placing it for ever beyond 
the reach of cavil. The researches in mechanics, which engaged the at- 
tention of geometers during this period, also exercised afavourable in- 
fluence in preparing men's minds for the consideration of the great ques- 
tions relating to the system of the world. This branch of science ap- 
peared to offer an unlimited field of original speculation, until, D’Alem- 
bert *, in 1740, discovered a general principle by means of which every 
question of motion was immediately reducible to a corresponding one of 
equilibrium, The statical equations being easily formed, the difficulties 
attending all such researches henceforth assumed a purely analytical cha- 
raeter. Itis not improbable that this important generalization had the ef- 
«fect of directing the attention of geometers to physical astronomy, which 
now presented the most inviting field of study. 

The success which attended Newton's efforts to explain the phenomena of 
the system of the world, by the principle of universal gravitation, was well 
caloulated to encourage his followers to engage in similar researches. 
Not ‘only did he give a complete theory of the motion of two bodies 
reyolying under the influence of their mutual attraction, but, with un- 


* Born at Paris, 17173 died in 1783, 
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rivalled sagacity, he also traced the various disturbing effects produced by 
the action of a third body upon either of them, and even’ actually com- 
puted several of the more important inequalities in the moon’s motion. 
He did not attempt to investigate the effects of the mutual attraction of 
the planets, but he clearly perceived that the elliptic motion of each 
would in consequence be more or less deranged; and he especially re- 
marked that the action of Jupiter on Saturn, when these two plancts 
were in conjunction, attained such a magnitude that it could not be over- 
looked *. In one important instance Newton signally failed in recon- 
ciling his theory with observation. We allude to his attempt to deter- 
mine the motion of the lunar apogee, on which o¢casion he obtained a 
result equal only to half the quantity which observation assigned. ‘This 
discordance was naturally considered as offering a serious objection to the 
Newtonian theory ; for the evection, which is the largest inequality in the 
moon’s longitude, after the elliptic inequality, depends, to @ certain extent, 
on the‘motion of the apogee, and therefore it still remained inexplicable 
by the principle of gravitation. 

Euler appears to have been the first geometer who attempted the 
developement of physical astronomy beyond the point at which the founder 
of it had left it. In 1745 he investigated the perturbations of the moon, 
and in the following year he constructed new lunar tables based upon his 
researches; but, as he employed few observations in determining the 
maximum values of the incqualities, his tables did not present a marked 
superiority over those in actual use. About the same time Clairaut} and 
D'Alembert, two of the first geometers of France, undertook the investi- 

tion of the lunar perturbations without any knowledge of each other's 
intentions. 

The Academy of Sciences of Paris having offered their prize of 1748, 
for an investigation of the irregularities of Jupiter and Saturn, Euler { 
composed a memoir on the subject, which he transmitted to the Academy 
in the month of July, 1747. The-two geometers above mentioned, 
naturally imagining that their eminent contemporary might anticipate 
them in their researches, took the precaution af communicating the result of 
their labours to the Academy before the time appointed for the award of 
the prize. Clairaut lodged his memoir in the hands of the Secretary on 
the 9th of November, 1747, and D’Alembert on the 15th of. the same 
month. In all the three memoirs, the perturbing action of the celestial 
bodies was investigated by an analytical process. Clairaut mentions that 
he first endeavoured to calculate the lunar inequalites after the manner of 
Newton; but, having been soon stopped by insuperable difficulties, he 
decided upon having recourse to analysis alone in all his researches, 

The subject, even when so treated, is one of astonishing intricacy; but, 


* Newton remarked that when Jupiter and Saturn are in conjunction, the action of 
Jupiter upon Saturn is to the action of the sun upon the same planet, as 1 to 211: 
“whence,” says he, there arises, in each conjunction with Jupiter, a derangement of 
Saturn’s orbit, which is so sensible, as to be the cause of embarrassment to astronomers.” 
Princip., b. iii, prop 33. Euler, however, discovered by analysis that the corresponding 
derangement of Jupiter is about six times greater, although the action of Saturn upon 
that planet is to the action of the sun only as 1 to 500.“ This remark of Euler's,” says 
Laplace, “shows us that we ought not to adopt, but with ex'reme reserve, the most 
plausible appearances so long as they are not verified by decisive proofs.” Méc. Cél., 
tome v. p. 302, 

+ Born at Paris, 1719; died, 1765. 

t Born at Basle, 1707; died at St. Petersburg, 1783, 
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fortunately, the planetary system is so constituted as to favour the re- 
searches of the mathematician. The problem of a planet's motion, when 
considered in its most general sense, requires that we should include in 
one: common investigation the attractive forces exerted upon the planet by 
the various bodies composing the solar system. The sun, however, exer- 
cises such a preponderating influence, on account of his enormous mass, 
that we may regard each of the planets as revolving round him in an orbit, 
approaching very closely to an ellipse; while the other planets may be 
considered as so many perturbing bodies, producing continual irregularities 
in the elliptic motion. These perturbations being very minute, the action 
of each planet may be investigated in succession, without taking imto 
account the simultaneous action of the others; and the aggregate of the 
results so obtained, when applied to the elliptic motion, will determine the 
true place of the planet in its orbit. The whole question is, therefore, 
reduced to the investigation of the motion of one body revolving round 
another, and continually disturbed by the attraction of a third body. 
Thus originated the famous Problem of Three Bodies, which has formed 
the basis of so much profound research in physical astronomy. The 
rigorous solution of this problem has been found to surpass the powers of 
the understanding, notwithstanding the many improvements which have 
been effected in the infinitesimal analysis ; but the same considerations, 
which limit the investigation to the mutual attraction of three bodies, 
conduct also to other important simplifications. The masses of the 
planets being in fact very small, compared with the sun’s mass, and the 
eccentricities as well as the inclinations of the planetary orbits being also 
very inconsiderable, a number of terms involving these elements in the 
general solution of the problem become, in consequence, so small‘ as te 
admit of being rejected; and the geometer is thereby enabled to bring thé - 
subject within the reach of his analysis. Notwithstanding these obvious 
advantages, the utmost resources of a profound calculus, combined with 
the most consummate analytical skill, are indispensably required, in order 
to effest a solution of this difficult problem ; and even then the object can 
only bé attained by a process of successive approximation. In the lunar 
theory, the principal disturbing body is the sun ; for the planets are either 
too small or too remote to exercise much influence. It might naturally 
‘be supposed that the sun, on account of his enormous mass, would very 
mach derange the moon’s motion ; but in reality the effect of his attractive 
ipower is greatly diminished by the immense distance at which he is placed 
compared with the earth, which is in this case the central body. Still the 
inequalities of the moon's motioh are much more considerable than the 
‘perturbations which take place in the motions of the planets; and, on this 
account, they were justly considered to afford the most favourable means 
of testing the theory of gravitation. We have already alluded to the 
failure which attended Newton’s attempt to determine the motion of the 
lunar apogee. Singular enqugh, when Clairaut and the other two 
geometers above mentioned deduced the motion of the apogee from their 
respective analytical solutions of the problem of the lunar perturbations, 
they found, like Newton, that the result was equal only to half the 
observed motion. This anomalous fact excited great surprise in the 
_ scientific world, and many persons began to entertain a strong suspicion 
that the law of gravitation, as announced by Newton, was erroneous. 
Clairaut, despairing of being able to reconcile the ordinary law with the 
results of observation, proposed that, instead of representing the force by 
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a term depending on the inverse square of the distance, it should be 
expressed by two terms, one composed of the inverse square, and the 
other of the inverse of the fourth power of the distance. Buffon adduced 
metaphysical arguments against this law; and the question continued to 
excite a deep interest among men of science. At length Clairaut dis- 
covered that, when the lunar perturbations were rightly computed, accord- 
ing to, the Newtonian law, the motion of the apogee, when so computed, 
was exactly conformable to the observed motion. 

He found, in fact, by repeating eg Nef ho targ and taking into 
account certain small terms which he previously neglected, that the 
value obtained by him in the first instance was now exactly doubled, 
D'Alembert and Euler, upon a revisal of their labours, arrived at the same 
conclusion ; and thus a circumstance, which at one time threatened to 
subvert the whole structure of the Newtonian theory, resulted in becoming 
one of its strongest confirmations. ; 

It is right, also, to mention that Thomas Simpson arrived at the correct 
motion of the apogee before he learned the successful result of Clairaut’s 
labours. This eminent analyst might have done much to sustain the 
reputation of his country in the researches of physical astronomy if he had 
lived under more auspicious circumstances. 

Tho method of lunar distances, which offers such advantages in finding 
the longitude at sea, rendered an accurate knowledge of the moon's motion 
peculiarly desirable. In 1754, Clairaut and D’Alembert published lunar 
tables based upon their respective theories. Those of Clairaut obtained 
considerable credit for accuracy ; but D’Alembert’s efforts were less for- 
tunate, chiefly in consequence of having paid too little attention to observ- 
ation in the evaluation of his coefficients. In 1755 Euler published his 
researches in the lunar theory, accompanied with new tables, greatly 


~~superior in accuracy to those of 1746. In his analysis he resolved the 


forces acting upon the moon along three rectangular co-ordinates, after the 

_ example of Maclaurin, who, a few years previously, had first employed 
this method in his elegant geometrical investigations connected with the 
question of the Tides. In 1772 he published a third set of tables, based 
upon a most elaborate analysis of the moon’s motion; but, notwithstanding 
the amount of thought expended on them, they proved inferior in point of 
accuracy to those of Mayer, chiefly in consequence of his having placed too 
much reliance on theory in fixing the maximum values of the equations. 
Mayer, to whom allusion has been already made, was the first persen who 
constructed lunar tables of sufficient accuracy for the great practical pur- 
pose of finding the longitude at sea. This he did in 1763, by means of 
Enuler’s theory and a skilful discussion of observations. These tables 
were found to come within the limit of accuracy fixed by the Board of 
Longitude of this country ; and a recompense of £3000 was iu consequence 
awarded to the widow of Mayer, the astronomer himself having died some 
years before this decision was come to. Bradley, who was appointed to 
compare the tables with observation, states, in his report of them, that in 
no case did the error exceed 1)’. They were first printed in the year 
1770. ; 
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CHAPTER IV. 


Perturbations of the Planets. Inequality of Long Period inthe Mean Motions of Jupiter and 
Saturn. —Researches of Euler.—Perturbations of the Earth.—Clairaut.— Perturbations 
of Venus.—Lagrange.—His Investigation of the Problem of Three Bodies.—,Secular 
Variations of the Planets.—Laplace.—His Researches on the Theory of Jupiter ‘and 
Saturn—lInvariability of the Mean Distances of the Planets.— Oscillations of the Ec- 
centricities and Inclinations.—Stability of the Planetary System, 


Tue planets, while revolving round the sun, continually disturb each other 
by their mutual attraction, and hence arise numerous inequalities in their 
motions, similar to those which take place in the motion of the moon 
round the earth. Although these disturbing forces form a class of rela- 
tions as complicated as the mind can perhaps imagine, the study of their 
effects is on many accounts peculiarly attractive to the thoughtful enquirer. 
The fundamental ideas are clear and well defined; the principles are. 
firmly established, the methods of research are derivable wholly from 
the resources of the intellect, and the subject is both vast in extent and 
varied in character. The mpgnificent prizes which the theory of gra- 
vitation’ offers prospectively to the mathematician, as the rewards of 
his labours, are also calculated to allure his researches, while its ex- 
treme intricacy serves only to redouble his energies, and stimulate his 
inventive powers. ence Physical Astronomy is characterized by a/ 
multitude of conceptions at once ingenious, subtle, and profound, while its 
investigations are pursucd, throughout their long and intricate windings, 
with a coherence and beauty of ratiocination unequalled in any other 
branch of Natural Philosophy. 

Apart from those more obvious questions which impart an interest to 
the study of Celestial Mechanics, others of the highest moment, with re- 
spect to the stability of the system of the world, are also involved in the 
subject. These questions naturally offered themselves to mathematicians, 
while engaged in researches connected with the actual motions of the 
planets, and continued for some time to form the subject of profound 
study.” Their complete solution will ever be ranked among the most 
brilliant triumphs recorded in the annals of science, while it has shed an 
imperishable lustre on the names of those eminent individuals by whose la- 
Lours it has ‘been achieved. 

The masses of the planets being small compared with the mass of the 
central body, the derangements occasioned by their mutual attraction do 

+ not in any case attain a magnitude comparable to that of the lunar ine- 
qualities. Indeed their existence has generally been established only by 
+; comparison of distant observations, conducted with all the refinements of 
«practical astronomy. In many instances theory has preceded observation, 
‘and has pointed out inequalities which, on account of their extreme mi- 
nuteneas, might otherwise have for ever escaped detection. The planets 
Jupiter and Saturn, being favourably placed in the system for the exer- 
tion of their mutual attraction, and their masses being also considerable, 
it might be expected that the inequalities of their motions would be more 
readily appreciable than those of the other planets. In fact, as early ag 
1625, Kepler remarked that the observed places of these planets could 
not be reconciled with the usually admitted values of their mean motions, 
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The errors of both planets were found to increase continually in the same 
direction, with this difference,.that the tables made the mean motion of 
Jupiter too slow, and that of Saturn too quick. Lemonnier found that, by 
adopting the mean motion of Saturn, as determined by a comparison of 
ancient with modern observations, the planet had fallen behind its com- 
puted place to the extent of 2’ in 1598, 204’ in 1657, and 363’ in 1716. 

Halley first suspected that thé anomalous irregularities of the two pla- 
nets were due to their mutual attraction. He also attempted to determine 
the magnitude of the inequality for each planet. He concluded from his 
researches that in 2000 years the acceleration of Jupiter amounted to 
3° 49’, and the retardation of Saturn to 9° 16’. In his tables of the pla- 
nets he represented the errors by two secular equations increasing as the 
square of the time, the one being additive to the mean motion of Jupiter, 
and the other subtractive from the mean motion of Saturn. 

The Academy of Sciences of Paris, desirous of obtaining an explana- 
tion of these inequglities, in'accordance with the theory of gravitation, of- 
fered its prize of 1748 for their complete investigation. Euler was in- 
duced to compose a memoir on the subject, which was crowned by the 
Academy ; but, although his researches contain a valuable exposition of the 
analytical theory of planetary perturbation, he was unable to throw any 
light on the main object of the inquiry. Hg found a series of inequalities 
in the mean motions of both planets, but they were all such as completed 
the cycles of their values every time that the planets returned to the 
same ‘configurations. He concluded, therefore, that the observed irregula- 
rities must be attributed to some extraneous cause, and not to the mutual 
attraction of the two planets. 

ii this memoir resolved the differential equation, relative to the 
latitude.of the disturbed planet, into two differential equations of the first 
order, one of them expressing the differential of the inclination, and the 
other that of the planet's distance from the node. This may be con- 
sidered as the germ of the famous method of the variation of arbitrary con- 
stants, 

The theory of Jupiter and Saturn offers some difficulties of a peculiar 
kind, which did not occur in the investigation of the lunar inequalities. 
The disturbing action of one body upon another may be expressed by a 
series of terms involving the ratio of the mean distances of both from the 
central body. In the lunar theory this fraction is very small, on account 
of the great distance of the sun, which is the disturbing body ; hence the 
terms converge with great ‘rapidity, and an approximate value of the se- 
ries is readily obtained When the question, however, refers to the mu- 
tual action of Jupiter and Saturn, the same fraction rises to a considerable 
magnitude, and the terms of the series converge in consequence with 
such extreme slowness, as to render impracticable the usual method of 
computation. Euler's genius was eminently conspicuous in devising the 
means of vanquishing this difficulty, which would effectually have ob-. 
structed a mind gifted with less fertile powers of invention. 

The explanation of the motion of the lunar apogee by Clairaut in 1749, 
having inspired renewed confidence in the principle of gravitation, as ade- 
p> he account for all the phenomena of the planetary motions, the 

my of Sciences was again induced to propose the theory of Jupiter and 

Saturn as the subject of their prize for 1752. Euler was on this occasion 

also the successful competitor, but he now actually discovered secular equa- 

tions in the mean motions of both planets, depending on the angular distance 
: . 
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between the aphelia of their orbits. Contrary to observation, however, he 
fowid that the two equations were equal in magnitude, and were in both 
cases additive to the mean motion. He fixed the inequality at 2’ 24” for 
the first century, counting from 1700. Nothwithstanding the analytical 
skill which this geometer displayed in his researches, he signally failed in 
his efforts to account for the irregularities of the two planets by the New- 
tonian theory; and their physical origin, therefore, still continued to be 
involved in profound mystery. 

The attention of geometers was now directed to.the perturbations in 
the earth’s motion occasioned by the other planets. Euler investigated 
this subject in an elaborate memoir, which was crowned by the Academy 
of Sciences in-the year 1756. It was on this occasion that he explained 
and partially developed the theory of the variation of arbitrary constants. 
In considering the motion of a planet in an elliptic orbit, there are six 
constants or elements, which by their independent variations would se- 
verally modify the motion. These are—1°, the major_axis of the orbit, or 
the mean distance; 2° the eccentricity ; 3°, the position of the line of 
apsides; 4°, the inclination of the orbit with respect to a fixed plane; 5°, 
the position of-the line of nodes; 6°, the longitude of the planet at any 
assigned instant, or the longitude of the epoch, as it is called. Now if the 
planet were peat only to the action ofthe sun these elements would 
remain invariable, and the planet would continually revolve-in the same 
ellipse. Its place, corresponding to any given time, might therefore -be 
readily computed, by means of Kepler’s law of the areas, when once: theso 
six elements were known. As, however, it is continually disturbed in its 
motion by the action of the other planets, the theory of a constant ellipse 
will no longer be applicable to the question, Still, as its aberrations from 
an elliptic orbit are very small, its place may be computed by assuming it 
to move in @ mean ellipse, and then ascertaining the minute irregularities 
occasioned by the perturbing forces. This is the course which gcometers 
had hitherto pursued in all researches connected with the problem of 


three bodies. Euler, however, proposed to compute the motion wholly by . 


the elliptic theory, upon the supposition that the planet continually re- 
volved in an ellipse, the elements of which varied every instant from the 
action of the other planets. By these means the whole effect of perturba- 
tion was thrown upon the elements of the orbit, and when these were as- 
certained for any given instant, it was easy to calculate the corresponding 
place of the planet by the elliptic theory alone. As this refined concep- 
tion has not unfrequently been ascribed to Lagrange, it may be proper to 
cite Euler's own words in reference to it. After @tpining the differential 
expressions of the elements, he then proceeds in the following terms to 
. point out their advantages: “These formule appear to be peculiarly com- 
modious in computing the deviations of the motion from Kepler's laws; 
since they have reference to motion in an ellipse, which varies continually, 
28 well in respect to the parameter as to the eccentricity and the po- 
sition of the apsides. For, during an indefinitely small portion of time, 
the motion of the planet may be conceived as taking place in an ellipse, 
according to the laws of Kepler ; and, if the elements of this ellipse be 
computed for any given time, by means of the formule just found, the true 
place of the planet, relative to an assumed plane, may be also assigned.” * 
This investigation of Euler's, like the two previous ones, displays abun- 
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dant proofs of. the amazing fertility of his inventive powers, and his great 
command of analysis; but in regard to the final results obtained-by him 
he was not equally fortunate. Grave errors of calculation prevented him, 
on this as well as on several other occasions, from duly appreciating the 
importance of his own methods. 

Clairaut, about the same time, investigated the Earth's perturbations in 
a memoir distinguished by great perspicuity and skill +. By a comparison 
of his theory with the observations of Lacaille, he fixed the lunar equation 
at 8”.7. This result gives for the moon's mass 4 of the earth’s, a 
quantity which differs considerably from the value assigned to it by 
Newton. In order to compute the actual perturbations occasioned by the 
other planets, it was necessary to possess 2 knowledge of their masses. 
He skilfully determined the mass of Venus by means of observations 
made on the sun when the moon was in that part of her orbit wherein she 
produced no effect on the earth’s motion. The mass of Jupiter, the only 
other planet that he conceived would oceasion a sensible derangement of 
the.Earth, was easily derivable from the elongations of his satellites, and 
had already been determined by Newton. Combining together the pertur- 
pbations of Jupiter, Venus, and the Moon, he found that when theycon- 
spired in the same direction the error of the Earth in longitude might rise 
tol’. 

D'Alembert also investigated the subject of the planetary perturbations 
in the year 17544; but his researches did not add anything new to the 
subject. Lalande applied Clairaut’s theory to the perturbations of Mars, 
by Jupiter and the arth, and found that the derangement might rise 
to 2’. Mayer, about the same time, arrived at a similar conclusion by 
means of Kuler's theory. Lalande also computed the perturbations of 
Venus, and obtained 15” for the maximum value; a result which was 
confirmed by similar researclies of Father Walmsley in England. - 

Meanwhile another geometer, gifted with powers of the highest order, 
was about to commence his brilliant career. In the volume of the Té¥in 
Memoirs for 1763, Lagrange | gave 2 new solution of the Problem of Three 
Bodies, which he applied to the theory of Jupiter and Saturn. He ob- 
tained for Saturn a secular equation equal to 14”.221, and subtractive 
from the mean motion; and for Jupiter a similar equation equal to 27.740, 
and additive to the mean motion. ‘This result agreed better with observa- 
tion than that of Euler, who made the equations both additive and equal 
in magnitude; bat it by no means assigned a complete explanation of the 
irregularities in the mean motions of the two bodies. 

Attention was now directed to the secular inequalities of the pla- 
nets. A-comparison of distant observations had shown that the elliptic 
elements of cach planet were subject to a slow variation, which proceeded 
continually in the same direction, and apparently to an indefinite extent. 
These variations have been denominated secular because they require an 
immense number of ages for their complete developement ; while, on the, 
other hand, those that are termed periodic complete the cycles of their 
values With all similar configurations of the planets. It is obvious that 
this shifting of the elements, however slow, would ultimately render 
useless the tables of the planets, constructed for any given epoch, unless 
due account were constantly taken of the altered value of each element. 


* Mém. Acad. des Sciences, 1754, 
+ Recherches sur differens points du Systéme du Monde, tome I and 2. 
¢ Born in 1736 at Turin ; died at Paris in 1818. 
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It is indispensable then to investigate these variations, and to compute 
their numerical values, with the view of applying them as corrections to 
the fundamental elements of the tables. But, apart from all consider- 
ations connected with the requirements of practical astronomy, the study 
of the secular variations is pregnant with the deepest interest to the 
physical inquirer; for it is manifest that their indefinite continuance in 
the same direction would result in tho complete destruction of the sta- 
bility of the planetary system. 

The illustrious Euler Jed the way in these sublime researches. In his 
memoirs of 1748 and 1752, he determined the secular variations of the 
elements of Jupiter and Saturn; but he was prevented by the intricate 
nature of the subject, and the immense calculations which it entailed upon 
him, from arriving at very accurate conclusions. He found that the 
aphelia of both planets had 2 progressive motion, as in the case of the 
lunar apogee. He fixed the annual progression of Jupiter's aphelion at 
9.5, and that of Saturn's at 13”. 

But the most important element was the mean motion. We have 
already mentioned that Euler found a secular inequality in that element, 
equal and additive for both planets, and that Lagrange was conducted to a 
result which accorded batter with the observed irregularities, but still was 
inadequate to their complete explanation. It was at this stage of the 
planetary researches that Laplace*, for the first time, appeared as the rival 
of Lagrange. Struck with the discordant conclusions to which geometers 
had been conducted, he resolved to institute a searching investigation into 
the subject. Euler and Lagrange had neglected all terms which exceeded 
the second powers of the eccentricities and inclinations; Laplace, 
besides carefully repeating the calculations of-these geometers, carried 
his approximation to the terms of the third order. When he 
came to apply his formula to the mean motion of Saturn, he was sur- 
prised to find that all the terms affecting that element destroyed each 
other. He obtained a similar result, when, by means of the same for- 
mula, he computed the effect of Saturn's disturbing action upon the mean 
motion of Jupiter. Justly suspecting that these results had no connexion 
with the particular"values of the elements of Jupiter and Saturn, he inves- 
tigated the subject by a general analysis, applicable to any two planets 
of the system, and he now again found that the sum of the terms affecting 
the mean motion was identically equal to zero. He remarked, that if any 
such terms were contained among those involving the fourth or higher 
powers of the eccentricities and inclinations, they would be so small that 
their effects would not become sensible until an immense number of ages 
had elapsed. He therefore arrived at the important conclusion that, 
from the time of the earliest astronomical observations which history 
records down to the existing epoch, the mean motions of the planets has 
not been sensibly altered by their mutual attraction, and hence he inferred 
that the irregularities of Jupiter and Saturn must be attributed to some 
disturbing cause independent of that principlet. 

Although the result to which Laplace was conducted by his researches 
was decisive in so far as the question relative to the irregularities of 
Jupiter and Saturn was concerned, it still remained uncertain whether an 
inequality of this kind might not exist among the terms involving the 
higher powers of the eccentricities and inclinations. Such an inequality, 
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however minute, would ultimately become considerable by continual accu- 
mulation, and might affect the mean motions and the mean distances of the 
plancts to so great an extent as to occasion the total derangement of the 
planetary system. In 1776 Lagrange investigated this important ques- 
tion * on the supposition that the planets move in cllipses; the elements 
of which continually vary in consequence of their mutual perturbations. 
The conclusion at which he arrived is one of a very remarkable character. 
He discovered, by a very simple analysis, that the mean distances are 
not subject to any secular variations whatever; but are merely affected 
by a series of inequalities, which compensate themselves in short periods 
depending on the mutual configurations of the different planets. Thus, 
amid all the changes that are incessantly taking place in the other 
elements of the celestial orbits, the conservation of the mean distances 
stands out in striking contrast to this law of mutation. The eccentricities 
and inclinations will perpetually vary in magnitude ; it apsides and nodes 
will similarly vary in position; but, throughout an indefinite lapse of 
ages, the mean motions of the planets will remain unaltered by their 
mutual attraction. ‘This result offers to our contemplation a sublime 
example of the order which reigns among the vast bodies of the universe, 
and of the unerring character of the laws by which they are controlled in 
their courses. When viewed in relation to its effects upon the invariability 
of the solar year, and the stability of the planetary system, it is justly 
regarded as one of the most valuable truths in the whole range of physical 
science. 

Lagrange and Laplace were now zealously engaged in investigating 
generally the sccular variations of the planets. A knowledge of the 
variations of all the clements is indispensable for the purposes of prac- 
tical astronomy ; but, in so far as the stability of the system is concerned, 
jt is manifest that the variations of the apsides and nodes cannot produce any 
effect. In the researches of physical astronomy the eccentricities and the 
apsides are generally considered together by a common analysis, and the 
same remark holds good in regard to the nodes and inclinations. In 
1774 Lagrange investigated the secular variations of the nodes and 
inclinations of the planets in an claborate memoir, wittch appeared in the 
volume of the Academy of Sciences for the same year. Having obtained 
the differential expressions of these elements, he computed their annual 
variations by assuming each element to vary at a uniform rate during @ 
limited number of years. This supposition is rendered allowable by the 
excessive slowness with which the elements vary, and the method of 
computation founded on it is sufficient for all purposes connected with the 
actual state of astronomy. But in order to ascertain the real nature of 
these variations, so as to be enabled to predict the condition of the ele- 
ments throughout an indefinite number of ages, it is absolutely necessary 
to integrate the differential equations relative to them. These appeared at 
first to offer insuperable difficulties ; but Lagrange, by a happy transform- , 
ation of the variables, reduced them to linear differential equations of the 
first order; whence, by integration, he obtained finite expressions for both 
elements. Examining, then, the mutual action of two planets, he found 
that the inclinations would perpetually oscillate about mean values from 
which they would deviate only by very small quantities. Applying this 
principle to the planets Jupiter and Saturn, which he considered as form- 
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ing with the sun a system apart in the heavens, he found that the 
greatest inclination of Jupiter's orbit to the ecliptic would be 2° 2’ 18”, 
and his least 1° 17’ 15”; and that the greatest inclination of Saturn's 
orbit would be 2° 32’ 41” and his least 46’ 49”. Thus the whole varia- 
tion of Jupiter's inclination amounted to 45’ 3”, and that of Saturn’s to 
Je 45’ 51”. When the number of planets whose ‘mutual action is con- 
sidered exceeds two, the question offers greater difficulties ; and Lagrange, 
in consequence, did not at this period of his researches attempt to inquire 
whether the inclinations of the four planets nearest the sun oscillated 
round mean values, like those of Jupiter and Saturn, or whether they 
increased continually in the same direction, attaining in succession all 
degrees of magnitude with respect to a fixed plane. 

From the analytical expressions of the inclinations, he derived an 
elegant method of termining geometrically the positions of the orbits at 
the end of any given time, and of representing their several motions 
relatively to each other. 

Laplace successfully applied Lagrange’s method of integration to his 
own differential expressions of the nodes and inclinations. He also ex- 
tended the same method to tho equations of the eccentricities and the 
aphelia, and obtained finite expressions for those‘elements similar in form 
to, those which Lagrange had already found for the nodes and inclina- 
tions *, 

The method of successive approximation which Clairaut and his con- 
temporaries employed in the problem of the Perturbations was attended 
with the inconvenience of introdneing into the expression of the radius 
vector a series of terms depending on ares of circles which increased 
continually with the time. Such terms, it is clear, would have the effect 
of causing the planet's distance from the central body to increase to an 
indefinite extent; but, as this conclusion was at variance with observation, 
it necessarily followed that the method of approximation was defective. 

’ The same inconvenience, indeed, is found to arise when the method 
is employed in less complicated researches than those relating to the 
planetary perturbayions ; and wherein it is demonstrable that the rigorous 
integrals do not contain any terms susceptible of indefinite increase +, 
When this difficulty first presented itself to the geometers engaged with 
the lunar theory, they very soon discovered that it arose from the motion 
of the apogee, and they found the means of getting rid of the embarrassing 
terms by assuming the motion of that clement in the outset ; and after- 
wards computing its value by the method of indeterminate coefficients. 

In the theory of the planets, the inconvenience of such terms ig simi- 
larly found to arise from the motion of the aphelia; but the mode of 
obviating it is much more difficult in this case, on account of the irregu- 
larity of the motion, and the mutual dependence of the aphelia of both 
planets. Lagrange vanquished this difficulty by the invention of a new 
method of integration, which he first employed in an investigation of the 
motions of Jupiter's satellites t. In an elaborate memoir which Laplace 
communicated a few years afterwards to the Academy, he shewed that the 


* Mém. Acad. des fciences: 1772, parti. This memoir was not written until 1776, 
although it was insertéd in the volume of the Academy for 1772. 

+ Lagrange has given an example of this kind in a memoir which appears in the volume 
of the Berlin Academy for 1783. 

t The memoir which contained this investigation was crowned by the Academy of 
Seiences in the year 1766. See Prix de PAcadémie, tome ix. 
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ordinary method of integration might be freed from the inconvenience 
of circular ares by means of the variation of the arbitrary constants in the 
approximate integrals*. Proceeding upon this supposition, he obtained 
very simple differential expressions of the secular variations; and by 
transforming them into linear equations, after the manner of Lagrange, he 
was enabled to integrate them without any difficulty. He then considered 
the mutual action of two planets, and arrived at the same conclusion rela- 
tive to their eccentricities, as that to which Lagrange had been conducted 
relative to their inclinations. In other words, he established the im- 
portant fact that the eccentricities of the two planets would not increase to 
an indefinite extent in virtue of their mutual attraction, but would be 
confined within certain fixed limits between which they would perpetually 
oscillate. Applying his formula to the theory of Jupiter and Saturn, he 
found that the eccentricity of Jupiter's orbit would vabetween 0.061776 
and 0.024006, and that of Saturn’s between 0.088094 and 0.011478. ‘Fhe 
period of these variations he found to be the same for both planets, and 
equal to about 35,000 years. 

In 1782 Lagrange investigated the perturbations of the planets by a 
method which embraced both the secular and periodic inequalities in one 
common analysis}. This method consists in supposing all the derange- 
ments of each planet to be occasioned by a continual variation of the elliptic 
elements. We have seen that Euler originally employed this refined 
method of investigation, which offers peculiar advantages in computing the 
effects of perturbing forecs of small value. Lagrange having obtained the 
differential expressions of the elements, decomposed them into two parts, 
one depending on the configuration of the planets, the other on the masses 
and the elements themselves. ‘The former class of terms gave him the 
periodic variations; the latter gave him the secular. Applying himself 
first to the secular variations, he considered the mutual action of Jupiter 
and Saturn, and obtained results similar to those which Laplace and him- 


self had already derived from their researches. He next considered the * 


system formed by Mars, the Earth, Venus, and Mercury, taking into account 
the action of Jupiter ayd Saturn upon each of those bodies. Wehave remarked 
on a previous occasion that this caso is much more difficult than that in 
which only two planets are concerned. The genius of Lagrange, however, 
was triumphant in these researches, and he succeeded in demonstrating, as 
in the case of the larger planets, that the eccentricities and inclinations 
would always be confined within very uarrow limits. He found that the 
ecliptic would not be displaced to a greater extent than 5° 23” by the 
action of the planets upon the earth, and that all the planetary orbits would 
be perpetually comprised within a zone of the heavens whose breadth was 
7° 98’. He therefore announced, as the final result of his researches, 
that the secular variations of the elements were in all cases such as would 
for ever assure the stability of the planetary system. 

The same illustrious geometer extended his researches to the periodic 
inequalities, which he investigated in two elaborate memoirs communicated 

* Mém. Acad. des Sciences, 1772, part ii. Laplace had given a brief outline of this 
method in a note at the end of the preceding volume. He continued to improve it 
in two successive memoirs, which appeared in the volumes of the Academy for 1777 and 
1789. In the last memoir the method assumed the same form as ‘in the Mécaniqué 
Céleste. Lagrange has very much simplified this mode of obtaining the secular varia~ 
ae in a memoir which appears in the yolume of the Berlin Academy for the year 

+ Mém, Acad. Berlin, 1781, 82, 83. 
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“by him to the Academy of Sciences of Berlin*. He derived the ana- 
lytical expressions of these inequalities from the periodic variations of 
the elements, and then computed their numerical values for each planet. 
The interesting results obtained by Lagrange relative to the stability of 
the system were founded upon a knowledge of the masses of the several 
planets. The computation of the masses of those planets that are accom- 
panied by satellites is not a difficult problem, but it is quite different when 
the question refers to the other planets of the system. Theoretically 
speaking, the masses of all the planets may be ascertained by observing 
the effects of their mutual perturbations, but these effects are generally so 
very minute that they are almost entirely lost in the errors of observation. 
* Lagrange determined the masses of the planets that have no satellites by 
combining their volumes with their densities, assuming the latter to vary 
- in the inverse ratio @ the planet’s distance from the sun. This principle, 
although naturally suggested by the relative densities of the Earth, J upiter, 
and Saturn, was, notwithstanding, gratuitously assumed, and theretore the 
consequences derived from it could not be altogether free of uncertainty. 
Lagrange, indeed, shewed the improbability of any minute altesgtion in- 
the values of the masses affecting essentially the conclusions at which he 
arrived ; but still it was desirable that suchyehugble truths should be 
established by an analysis divested of all considerations of a hypothetic 
character, ‘This important stop was made by Laplace}. In 1784 he 
demonstrated that, no matter what might be the relative masses of the 
planets, the eccentricities and inclinations if once inconsiderable would 
always continue so, provided the planets were subject to this one condition— 
| that they all revolved round the sunin the same direction. This remarkable 
truth is embodied in two elegant theorems, which the great geometer just 
mentioned was the first to announce to the world. The theorem relative 
to the oscillations in the form of the orbits may be thus stated: If the 
mass of each planet be multiplied by the square of the eccentricity, and this 
product by the square root of the mean distance, the sum of these 
quantities will always retain thé same magnitude. Now when this sum 
is determined for any given epoch, it is found to be small; by the 
preceding theorem, then, it will always continue so; it follows, there- 
fore, 4 fortiori, that cach quantity will continue small, and, consequently, 
the eccentricity cannot in any case become considerable. The theorem 
relative to the positions of the orbits is equally elegant. It may be expressed. 
in the following terms: If the. mass of each planet be multiplied by-the 
square of the tangent of the orbit’s inclination to a fixed plane, icthis 
product by the square root of the mean distance, the sum of such ghanttties 
will continue invariable. Considerations similar to those we employed in 
+ the previous instance enable us to conclude from this theorem that the 
orbits of the planets will suffer only a very inconsiderable displacement 
from their mutual attraction {. 


* Mém. Acad. Berlin, 1783-4, 

+ Mém. Acad. des Sciences, 1784. This memoir of Laplace’s is remarkable for con- 
taining the first announcement of three of the most important discoveries in Physical 
Astronomy. These were—Ist, the explanation of the long inequality of Jupiter and Saturn ; 
2ad, the investigation of the origin of the curious relations which connect the epochs and 
mean motions of the three interior satellites of Jupiter ; 3rd, the results mentioned in 
the text. 

+ The value of Laplace’s researches on the present occasion does not rest merely on the 
discovery of the two theorems announced in the text. The fact is, that the investigation 
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The laws which thus regulate the eccentricities and inclinations of the 
planetary orbits, combined with the invariability of the mean distances, 
secure the permanence of the solar system throughout an indefinite lapse 
of ages, and offer to us an, impressive indication of the Supreme Intelli- 
gence which presides over nature, and perpetuates her beneficent arrange- 
ments. When contemplated merely as speculative truths, they are un- 
questionably the most important which the transcendental analysis has 
disclosed to the researches of the geometer, and their complete establish- 
ment would suffice to immortalize the names of Lagrange and Laplace, even 
although these great geniuses possessed no other claims to the recollection 
of posterity, 

Tt cannot fail to have occurred to the reader that in these sublime re- 
searches the two mighty rivals pressed forward always at an equal pace, 
insomuch that it would be hardly possible for the most discerning judg- 
ment, to assign the palm of superiority to either of them. Their investi- 
gations of the secular variations were in both cases equally original, and 
equally entitled to admiration. Laplace’s method might be more simple; 
Lagrange’s was more luminous, and had the advantage of being direct. In 
his researches connected with the mean motion, Laplace displayed a 
practical sagacity which rarely characterized the speculations of Euler or 
Lagrange, and, perhaps, this quality was more valuable to him throughout 
his career than an unexampled command of analysis was to his great 
rival. In the integration of the differential equations relative to the 
secular variations of the planets, the genius of Lagrange was eminently 
conspicuous. Laplace admits that he was compelled to abandon the 
design of integrating his own equations on account of the difficulties they 
offered, and was only induced to resume the subject on becoming acquainted 
with the ingenious method devised for that purpose by his illustrious 
contemporary *. 


the resolution of an algebraic equation, equal in degree to the number of planets whose mutual 
action is considered, and involving their masses in indeterminate forms, Lagrange shewed 
that if any of the roots of this equation should be equal or imaginary, the corresponding 
element (whether the eccentricity or the inclination) would increase to an indefinite ex- 
tent, but if the roots should be all real and unequal, the same elements would perpetually 
oscillate between fixed limits. Having ascertained the masses of the planets by the 
methods mentioned in the text, he substituted them in each equation, and then, by the method 
of successive approximation, he obtained the values of the several roots. These he found 
to be all real and unequal, whether the equation referred to the eccentricities or the ineli- 
nations, whence he concluded that these elements would perpetually oscillate. The 
peculiar merit of Laplace’s researches consisted in shewing that the roots were all real 
and unequal, without having recourse to the actual solution of ihe equations, and, conse- 
quently, without the necessity of employing any determinate values of the masses. 

# « Je m’etais proposé depuis long temps de les integrer mais le peu @utilité de ce calcul - 
pour les besoins de I’Astronomie joints aux difficultés qu’il présentait m’avait fait abandonner 
cette idée et j’avoue que je ne l'aurais pas reprise saus la lecture d’un excellent mémoire, 
sur les inegalités seculaires du mouvement des neeuds et de Vinelinaison des orbites des 
Planetes que M. De Lagrange vient d’envoyer 4 Académie.” Mém. Acad. des Sciences, - 
Année 1772, part i. p. 371. 
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CHAPTER V. 


Irregularities of Jupiter and Saturn.—Researches of Lambert.—Lagrange.—Circum- 
stances which determine the Secular Inequalities in the Mean Longitude.—Laplace’s 
Investigation of the Theory of Jupiter and Saturo—His Discovery of the physical cause 
of the Long Inequality in their Mean Motions.—Acceleration of the Moon’s Mean 
Motion. — Halley.—Dunthorne.—Failure of Euler and Lagrange to account for the 
Phenomenon. — Its explanation by Laplace.—Secular Inequalfties in the Moon's Pe- 

” rigee and Nodes. Inequalities depending on the Spheriodal Figure of the Earth.— 
Parallactic Inequality. 


AttnouGH the principle of gravitation was shewn to be admirably cal- 
culated for maintaining the stability of the solar system, the strange irre- 
gularities in the mean motions of Jupiter and Saturn still continued to 
perplex astronomers, and in some degree to tarnish the lustre of the 
Newtonian theory. In 1773 Lambert published an interesting essay on 
this subject, in which he attempted to represent the inequalities of the 
planets by means of empiric equations. The researches of this astro- 
nomer contributed to throw some light upon the real character of the 
henomenon. It had been hitherto supposed that the mean motion of 
upiter was continually accelerated, and that of Saturn similarly retarded. 
These results were derived from a comparison of the observations cited 
by Ptolemy in the Syntaxis, and those of the earlier astronomers of Hu- 
rope, with the observations of modern times. Lambert, however, found, 
on comparing the observations of Hevelius with those of the following 
century, that the mean motion of Jupiter was retarded, while that of 
Saturn was accelerated. ‘This important fact indicated that the inequa- 
lities did not increase indefinitely in the same direction, but were merely 
periodic, like those depending on the configurations of the planets, The 
researches of Lagrange, in 1776, tended to strengthen this conclusion ; 
but it is important to remark, that the result he obtained relative to the 
invariability of the mean distance does not necessarily exclude the exist- 
ence of secular inequalities in the mean motion. When, indeed, we con- 
sider a single planet revolving round the sun in an undisturbed orbit, the 
mean motion will depend solely on the mean distance, and will not in any 
manner be affected by the elements which prescribe the form and po- 
sition of the orbit. Thus we may make the eccentricity and the other 
elements vary in any manner we please, but so long as the mean distance 
retains thé same magnitude the mean motion will continue unalterable. 
The relation which connects these two elements forms the third of Kepler's 
famous laws, and when one of them is known the other is readily de- 
ducible from it by means of that relation. But the case will be quite 
different when we suppose the planet to be perpetually disturbed in its 
orbit by the action of another planet. The two elements will no longer 
be connected together by Kepler's law, for the perturbing forces will now 
introduce into the expression of the mean motion a class of terms depend- 
ing upon the eccentricities and the other elements of both planets, These 
elements, in virtue of their secular variations, might produce an effect on 
the planet's longitude which would ultimately become sensible, and hence 
might arise a secular inequality in the mean motion, notwithstanding the 
invariability of the mean distance. It became, therefore, an object ef 
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the highest importance to ascertain whether the mean motions of the 
planets were affected in this manner, and if so, to determine, in the case 
of Jupiter and Saturn, whether the effects were of such a magnitude as 
to account for the observed irregularities of the two planets. 

In 1783 Lagrange investigated this interesting question. He had pre- 
viously found that if all the terms exceeding the first powers of the ec- 
centricities and inclinations were neglected, the perturbing forces would 
not in any manner whatever affect the mean motion. On the present. 
occasion he extended his inquiries to the terms involving the squares of 
the eccentricities, and he now actually discovered among them a secular 
equation affecting the mean motion. Applying his formula to the theory 
of Jupiter and Saturn, he found that the equation was utterly insensible 
in both planets; for in neither case did it exceed the thousandth part of 
a. second, even when it reached its maximum value *. ‘This result,” says 
Lagrange, “will allow us to dispense with a similar examination of the 
secular inequalities in the mean motions of the other planets, as we ori- 
ginally proposed to do, for it is easy to predict that the values of the 
equations will be even less than those we have justfound. We may, then, 
henceforth consider it as a truth rigorously demonstrated, that the mutual 
attraction of the principal. planets cannot produce any sensible alteration 
in their mean motions.”} 

This result is one of the most interesting in physical astronomy, and 
we have seen that the merit of establishing it is almost wholly due to 
Lagrange. At this stage of the planetary researches it had the effect of 
narrowing the question relative to the irregularities of Jupiter and Saturn; 
for it shewed that if these irregularities resulted from the mutual action 
of the two planets, their explanation must be sought for among the pe- 
riodic terms, and not among those depending on the secular variations of 
the elements. It is clear, then, that, apart from its intrinsic value, this 
result must be considered as forming a most important step in the 
developement of the theory of gravitation. 

Tt appears from Lagrange’s words, as quoted above, that he did not 
consider himself warranted in concluding from his: researches that the 
mean motions of the secondary planets might not be affected with secular’ 
inequalities of sensible magnitudes. Unfortunately for his fame, it did 
not occur to him to apply his formule to the moon, although the secular 
inequality which astronomers had actually detected in the mean motion of 
that satellite might have suggested such a step to a mind of much less 
sagacity than his, By this inadvertence he missed one of the noblest 
discoveries in physical astronomy, and it happened to him, as on several 
other occasions, that, while he allowed his brilliant researches to remain 
comperatively fruitless in his hands, he had the mortification of seeing 
the prize carried off by his more persevering and ambitious rival. 

Geometers being now assured that the matual attraction of Jupiter and 
Saturn could not produce an inequality of a secular character in their 


* The mean longitude of a planet depends upon two elements :~—Ist, the mean mo- 
tion; 2nd, the mean longitude corresponding to any given epoch, or, more simply, the 
longitude of the epoch. As the mean motion is supposed to ke derivable from the mean 
distance by Kepler’s law, it cannot affect the mean longitude with a secular inequality, in 
consequence of the invariability of the element upon which it depends. Hence, in the 
theory of the variation of arbitrary constants, the secular inequality in the planet's motion 
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mean motions, it only remained for them to inquire whether the anoma- 
jous irregularities of the two planets might not be explicable by some 
periodic inequality of long duration. This was the form which the ques- 
tion assumed when Laplace applied the energies of his powerful mind to 
a rigorous examination of all the circumstances calculated to affect it. 
He first proceeded to inquire whether the imequalities were connected 
together by relations similar to those which would ensue on the suppo- 
sition that they were produced by the mutual action of the two planets. 
By a very simple analysis he found that the mean motion of Jupiter 
would be accelerated, while that of Saturn was retarded, and vice versd. 
He also discovered that, if we only regard inequalities the periods of which 
are very long, the corresponding derangements of the two planets would 
always be to each other as the products formed by multiplying the mass 
of each planet into the square root of its mean distance. He hence 
easily concluded that the derangement of Jupiter at any time would be 
to the simultaneous derangement of Saturn very nearly as 8 to 7. Now, 
by assuming, according to Halley, that the retardation of Saturn in 
2000 years amounted to 9° 16’, this relation gave him 8° 58’ for the cor- 
responding acceleration of Jupiter, a quantity which differs only by 9” 
from the result obtained by Halley. 

Being thus furnished with a strong indication that the irregularities of 
the two planets were due to their mutual attraction, he entered upon a 
searching inquiry into their real source. This he finally discovered in 
the near commensurability of the mean motions of the two planets. Five 
times the mean motion of Saturn is very nearly equal to twice the mean 
motion of Jupiter. In fact, if x, 2’ represent the mean motions of the 
two planets, 5n—2n’ is equal only to about -A\th of the mean motion of 
Jupiter. Now, Laplace found that certain terms, involving this quantity 
in the differential equations of the longitude, would receive, by double 
integration, the square of the same quantity as divisors, and in_conse- 
quence would rise very much in value. Terms of this class are, indeed, 
generally very minute, being only of the order of the cubes of the eccen- 
tricities and inclinations ; but Laplace, with characteristic sagacity, sus- 
pected that the small divisors they acquired might render them sensible, 
and that they might possibly explain the irregularities of the two planets. 
The result of actual calculation entirely confirmed his suspicion. He 
found that the terms assigned to Saturn an inequality equal to 48’ 44”, 
arid to Jupiter a contrary inequality equal to 20’ 49”. The periods of the 
two inequalities were equal, and amounted to 929 years. They reached 
their maximum values in the year 1560. The apparent mean motions of 
the two planets henceforth continually approximated towards their true 
mean motions, and finally coincided with them in the year 1790. This is 
the reason why Halley, on comparing ancient with modern observations, 
found the mean motion of Jupiter to be quicker, and that of Saturn 
slower, while Lambert, on the other hand, from a comparison of modern 
observations with cach other, arrived at a diametrically opposite conclu- 
sion. 

Laplace found that his equations accounted in a most satisfactory 
roanner for the irregularities of the two planets. Among forty-three oppo- 
sitions of Saturn which he compared with theory, the error in no case 
exceeded 2’, and generally it fell very far short of that quantity. At sub- 
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best tables of Saturn exceeded 20’*. By this capital discovery Laplace 
banished empiricism from the tables of Jupiter and Saturn, and extricated 
the Newtonian theory from one of its gravest perils. “The irregularities 
of the two planets,” says that illustrious geometer, “ appeared formerly to 
be inexplicable by the law of universal gravitation—they now form one of 
its most striking proofs. Such has been the fate of this brilliant disco- 
very, that each difficulty which has arisen has become for it a new subject 
of triumph, a circumstance which is the surest characteristic of the true 
system of nature.” + 

We shall now give a brief account of the circumstauces connected with 
@ remarkable inequality in the moon’s motion, which continued to form 
the subject of toilsome research until its true physical cause was at length 
discovered. From an extensive comparison of ancient with modern ob- 
servations, it was established beyond doubt by the astronomers of the last 
century, that the mean motion of the moon has been becoming continually 
more rapid ever since the epoch of the earliest recorded observations. 
Halley was the first person who suspected this important fact. We may 
remark that, if the moon's mean motion be more rapid now than it was 
in ancient times, the place of that satellite, when computed for any re- 
mote epoch by means of the modern tables, will be less advanced than 
her actual place, and hence the time of an eclipse, when calculated in 
this manner, will appear to happen carlier than the recorded time. It is 
also obvious that, if we make a similar computation for any intermediate 
epoch, the moon in this case too will be thrown back in her orbit, though 
not to such an extent as in the previous case, and it is manifest that the 
error will diminish continually as we descend towards the epoch of the 
tables. Now this was the character of the results which Halley obtained 
from an examination of some ancient eclipses recorded by Ptolemy and 
the Arabian astronomers, and which in consequence induced him to sup- 
pose that the moon’s mean motion was subject to a continual acceleration. 
He first atluded to this phenomenon in 1693, but no attempt was made to 
confirm his suspicion until the year 1749, when Dunthorne communicated a 
memoir to the Royal Society, in which he discussed all the observations 
calculated to throw light upon the subject. He computed by the modern 
tables an eclipse of the moon observed at Babylon in the year 721 a.c.; 
another, observed at Alexandria in the year 201 a.c.; a solar eclipse, 
observed by Theon in the year 864 a.p., and two similar phenomena, ob- 
served by Ibyn Jounis, at Cairo, in Egypt, towards the close of the tenth 
century. In all these eases the computed time of the phenomenon was 
earlier than the observed time; and the error generally was greater as 
the eclipse was more ancient. He therefore concluded that the several 
observations could only be reconciled with the tables by assuming that 
the mean motion was continually accelerated agreeably to the remark of 
Halley, and, from a comparison between the observed and computed times 





* Laplace first explained these incqualities in the volume of the Academy of Sciences 
for the year 1784. _ In the volumes for the two following years he gave a complete ana- 
lysis of the theory of Jupiter and Saturn, and shewed its accordance with the ancient and 
modern observations. An admirable exposition of the origin of the famous inequality men- 
tioned in the text is contained in Airy’s Treatise on Gravitation ; a little work which 
should be in the hands of every person (whether a mathematician or not) who desires to 
obtain clear ideas of the various modes in whieh the planets disturb each other by their 
mutual attraction. 
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of a number of eclipses, he was induced to fix the amount of the acce- 
leration at 10” in a century, counting from the year 1700. 

A similar discussion conducted the celebrated astronomer Mayer to a 
secular acceleration of the mean motion. In his lunar tables, published 
in 1753, he fixed it at 7” in acentury; but in those published at London, 
in 1770, it was raised to 9”. Lalande also investigated the question in 
the year 1757, and deduced from his researches a secular equation of 
9.886, which he ultimately fixed at 10”. 

Astronomers having thus demonstrated by incontestable evidence that 
the moon's mean motion was becoming continually more rapid, it hence- 
forth became an interesting question to discover the physical cause of this 
phenomenon. The Academy of Sciences at Paris, always actuated by a 
zealous desire to promote the cause of science, offered their prize of 1770 
for an investigation, which should have for its object to ascertain whether 
the theory of gravitation could render a satisfactory account of this secu- 
lar inequality in the moon's motion. The prize was carried off by Euler ; 
but that illustrious geometer was unable to discover any equations in the 
mean motion of a secular character. Towards the conclusion of his me- 
moir, he uses the following remarkable words :—“ There is not one of the 
equations about which any“uncertainty prevails, and now it appears to be 
established by indisputable evidence, that the secular inequality in the 
moon’s mean motion cannot be produced by the forces of gravitation.”* 
The future history of this inequality should teach us to accept with the 
utmost caution the dictum of any authority, however high, when it tends 
to impugn the generality of a principle supported, as in the present in- 
stance, by a multitude of pheuomena of the most unequivocal character. 

Anxious to obtain a solution of this difficult question, the Academy of 
Sciences again proposed it for their prize of 1772. Euler and Lagrange 
were declared the successful competitors and shared the prize between 
them. Euler concluded his memoir by repeating the assertion he had 
made on the previous occasion, adding that no doubt henceforth could 
exist that the inequality arose from the resistance of an ethereal fluid 
pervading the celestial regions}. Lagrange, in his memoir, gave a new 
solution of the Problem of Three Bodies, which he ‘applied to the moon f, 
but he reserved for a future occasion a rigorous inquiry into the cause of 
the acceleration. Meanwhile, some persons began to entertain a suspicion 
that the spheroidal figures of the earth and moon, by disturbing the law 
oftheir mutual attraction, might occasion the inequality. This induced 
the Academy again to propose their prize of 1774 for an investigation of 
the subject. Lagrange was declared the successful competitor. He 
examined the effects of the moon’s figure upon her motion, by a very 
skilful analysis, but he could find no equation of a secular character. By 
a simple process of reasoning, he extended the same conclusion to the 
carth, and he assured himself with equal confidence that the attraction of 
the planets and satellites could not be the cause of the phenomenon. He 

“then entered upon a critical discussion of the observations upon which the 
alleged acceleration of the mean motion was founded, and his final con- 
clusion was, that in general the data were of a doubtful character, and 
that perhaps the best. course would be to reject the inequality altogether §. 


* Prix de Académie, tome ix. 

++ Ibid., tome ix. 

$ Ibid., tome ix. , 

S Mémoires des Savans Etrancers. tome vii. 
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Laplace, about the same time, investigated this interesting subject. 
Having carefully examined the ancient observations, he was induced to 
consider it as fully established, that the moon’s mean motion was be- 
coming more rapid in modern times. Some persons had endeavoured to 
explain the phenomenon by means of a continual retardation of the earth’s 
diurnal motion. If this supposition were true, an acceleration ought to 
have manifested itself in the mean motions of the planets, as well as in 
that of the moon, but this was not bore out by observation. But, besides, 
no sufficient cause could be assigned why the rotatory motion of the earth 
should be continually retarded. It was indeed alleged, that this effect 
might be produced by the continual blowing of the easterly winds, 
generated by the heats of the torrid zone, against the great, mountain 
chains which run from north to south in both hemispheres. Laplace, 
however, mentions that he examined this point with attention, and arrived 
at the conclusion that no retardation of the diurnal motion could possibly 
arise from such a cause. He considered another solution of the problem, 
founded on the supposition that the regions of space are occupied by an 
ethereal fluid, which continually resists the motions. of the celestial 
bodies. He admits that such an hypothesis suffices to explain the phe- 
nomenon, but he contends that we have no’ independent proof of the 
existence of an cthereal fluid, and until we are assured beyond all 
possibility of donbt that the theory of gravitation cannot account for the 
moon’s acceleration, we ought not to have recourse to any extraneous 
gource of explanation *. His views on this subject are unquestionably more 
sagacious and philosophical than those of Euler or Lagrange 

Unable to discover a secular inequality in the disturbing action of the 
gun, and yet reluctant to derive this result from any foreign principle, he 
was led to consider what effect might be produced by adopting a different 
conception of gravity. It had been always assumed that the effects of 
this principle were propagated instantaneously from bodies. Laplace, 
however, considered, that some time might be required for this purpose, 
and he readily perceived that such a supposition would have the effect of 
modifying the intensity of the force exerted on the moving body. He 
therefore computed what ought to be the velocity of gravity, im order that 
the gradual transmission of that principle should occasion the observed 
acceleration of the moon's mean motion, and he arrived at the remarkable 
conclusion that it must exceed the velocity of light eight millions of 
times. He remarked that if a satisfactory account of the origin of the 
phenomenon be adduced, without having recourse to this hypothesis, it 
would follow that the effects of the successive transmission of gravity 
would be insensible, and therefore the velocity must be at least fifty 
millions of times greater than the velocity of light! 

No farther progress was made in this question until the close of the 
year 1787, when Laplace finally announced that he had discovered the 
cause of the phenomenon in the gradual diminution of the mean action - 
of the sun, arising in consequence of the secular variation of the ec- 
centricity of the terrestrial orbit}. The mean action of the sun upon the 
moon tends to diminish the moon’s gravity to the earth, and thereby 
causes a diminution of her angular velocity. This diminution being once 
supposed to occur, the angalar yelocity would afterwards remain constant, 
provided the mean solar action always retained ‘the same value. This, 


* Mém. des Savans Strangers, tome vii. 
+ Mém. Acad. des Sciences, 1786. 
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however, is not the case, for it depends to a certain extent on the 
eccentricity of the terrestrial orbit, an element which we know to be 
in a state of continual though inconceivably slow variation, from the 
action of the planets on the earth. ‘This variation of the earth's 
eccentricity will, therefore, produce a corresponding variation in the 
mean action of the sun; and the earth, in consequence, having more 
or less power over the moon, will either quicken or retard her angular 
velocity, whence will ensue a secular inequality in the mean motion 
conformably to observation. Now, the eccentricity of the earth's orbit 
has been continually dimintshing from the date of the earliest recorded 
observations down to the present time; hence the sun’s mean action 
must also have been diminishing, and consequently the moon’s mean 
motion must have been continually increasing. This acceleration will 
continue as long as the earth’s orbit is apprqaching towards a circular 
form, but as soon as this process ceases, and the orbit again begins to 
open out, the sun’s mean action will increase, and the acceleration of the 
moon’s mean motion will be converted into # continual retardation *. 

Laplace computed the acceleration, and found it to amount to 
10.1816213t?, ¢ denoting the number of centuries before or after the 
year 1801. This result agrees as nearly as possible with that which 
astronomers have derived from a comparison of ancient with modefh 
observations. : 

If the inequality were rigorously determinable by the preceding for 
mula, it would obviously continue for ever to increase in the same 
direction, a conclusion which would be totally at variance with the oxpla- 
nation we have just given of its physical cause. The fact is, however, 
that the complete analytical expression of it is a periodic function of the 
time, and the quantity 10”.1816218¢* is merely the second‘term in the de- 
velopement of it +, the others being so small as to admit of being rejected, 
when the computation does not extend to more than about 2000 years. 
Laplace, indeed, found that when the moon’s place was calculated for the 
time of the Chaldean observations, it would be necessary to take into 
account the term depending on the cube of t. The inequality would then 
be expressed thus: 107.1816218¢? +-0”.018538442. 

The variation of the earth’s eccentricity, upon which the inequality in 
the moon's mean motion depends, cannot be calculated from theory 
without a knowledge of the masses of the planets. When it is considered 
what uncertainty prevails respecting the masses of Mars and Venus, it is 
surprising how close the agreement is between theory and observation. 
Fortunately, the planet which exercises by far the greatest influence on 
the eccentricity is Jupiter, whose mass is easily derived from the elonga- 
tions of his satellites. It is remarkable that the action of the planets on 
the moon, when transmitted to her indirectly through the medium of the 
sun, should be more considerable than their direct action upon her. 

The moon, in the present day, is about two hours later in coming to the 

* It does not necessarily follow that because an inequality is secular it should increase 
continually in the same direction. Lagrange found that the secular inequalities in the 
mean motions of Jupiter and Saturn were of a recurring character, although their du- 
ration extended to the immense period of 70414 years! The secular inequality in the 
moon 6 mean motion, being a more complicated phenomenon, has a much longer petlod 
than this. ‘s 

+ The first term, being proportional to the time, is absorbed in the meat motion, ai 
therefore cannot form part of the inequality as determined by observation. 
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meridian than she would have been if she had retained the same mean 
motion as in the time of the earliest Chaldean observations. It is a 
wonderful fact in the history of science, that those-rude notes of the 
priests of Babylom should escape the ruin of successive empires, and, 
finally, after the lapse of nearly three thousand years, should become 
subservient in establishing a phenomenon of so refined and complicated a 
character as the inequality we have just been considering. 

Laplace also discovered that the lunar perigee and nodes were subject to 
seeular inequalities from the same cause. He found that the inequality in 
the perigee was to the corresponding inequality in the mean motion as 38 
to 10, and was subtractive from the mean longitude. He also discovered 
that the secular inequality of the nodes amounted to seven-tenths of that 
of the mean motion, and was additive to the mean longitude. Thus it 
appeared that, while the mean motion was continually accelerated, the 
perigee and nodes were continually retarded, the three inequalities being 
as the numbers 1, 3, .7*. It hence also followed that the moon's 
motions, with respect to the sun, her perigee, and her nodes, continually 
increased in the ratios of 1, 4, 0.265. The existence and magnitude of 
these inequalities were confirmed in a most satisfactory manner by 
Bouvard, who for this purpose instituted an extensive comparison between 
the ancient and modern observations. 

These great inequalities all depend on the secular variation of the 
earth's eccentricity. They will continually become more perceptible as 
ages roll on, but a vast number of years will elapse before they will have 
passed through all their values}. They will one day affect the secular 
motion of the moon to the extent of at least the fortieth part of the 
circumference, and that of the perigee to the extent of the thirteenth 

part t. 

: It might be imagined that the secular variation in the position of the 
ecliptic would have the effect of modifying the sun's action on the moon, 
and would in consequence disturb the mean inclination of the lunar orbit. 
Laplace, however, found that the moon was constantly maintained by the . 
sun at the same inclination towards the moveable plane of the ecliptic, so 
that her declinations were subject to the same secular changes 4s those 
of the sun, and were due solely to the continued diminution of the 
obliquity of the ecliptic. 

. It was not until Laplace announced his discovery of the cause of the 
moon’s acceleration, that Lagrange became aware of the oversight he had 
committed, while engaged in similar researches in 1783, by neglecting to 
apply his analysis to the moon. He now made the required substitutions, 
and, computing the numerical value of the inequality, he obtained a result 
which almost coincided with that of Laplace §. 

We shall conclude this historical notice of the secular inequalities of 


s 

* Since the mean motion of the lunar perigee is direct, the effect of an inequality, 
which is subtractive from the mean longitude, will manifestly be to retard the perigee 
behind its true place. Qu the other hand, since the motion of the nodes is retrograde, 
a retardation can only take place when the inequality is additive to the mean longitude. 

t+, Leverrier has found that the eccentricity of the terrestrial orbit will continue to di- 
minish during the period of 28,980 years. It will then attain a minimum value equal to 
0.003314, “Mémoire sur les variations séculaires des élémens des orbites pour les 
sept planétes principales. See also Connaissance des Temps, 1843. 

+ Exposition du Systéme du Monde, tome ii., liv. iv. chap. ¥. 

§ Mém. Acad. Berlin, 1792-3, 
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the moon, with a brief account of two other remarkable results, which 
Laplace derived from his researches in the lunar theory. The spheroidal 
figure of the earth occasions a sensible perturbation of the moon's motion 
both in-longitude and Iatitude. The inequality in longitude was dis- 
covered by Mayer, who was ignorant of the physical cause of it, but re- 
presented it in his tables by an empiric equation. Laplace derived the 
equation from theory, and found it to depend on the longitude of the 
moon’s node. Burg, by a comparison of numerous observations, was led 
to estimate the greatest value of the coefficient at 6”.7. This result 
gives sy2q5 for the earth's ellipticity. The inequality in latitude was 
discovered by Laplace to vary with the sine of the moon’s true longitude, 
Its value was derived by Burg and Burckhardt, from the combined ob. 
servations of Bradley and Maskelyne, and was fixed by them at ~ 8”, a 
quantity which implies an ellipticity equal to syh5. 

The agreement between the results derivable from these two distinct 
equations is very inferesting. If the earth were homogeneous, ‘it is. de- - 
monstrable that the ellipticity would be equal to 54, ; it follows, then, that 
the density must increase towards the centre—a fact which we know to 
be true from other sources, 

A comparison of arcs of the meridian, measured in different parts of: 
the world, presents a series of anomalous results, which lead us to con- 
clude that the figure of the earth is not that of an exact spheroid. It is 
remarkable, however, that when two arcs are compared, the distance 
between which is so great as to obviate the effects of any minute. in- 
equalities in the spheroidal figure, they indicate an ellipticity almost equal 
to that derived from the lunar inequalities. Thus, the result of a com- 
pee between a meridional arc at the equator and one measured in 

rance, gives z}4 for the earth's ellipticity. 

Another striking result which Laplace derived from his researches . 
was the value of the solar parallax. Among the equations in longitude, 
he found one involving that element, and varying with the angular 
distance between the sun avd moon. The coefficient of this equation, 
when compared with observation, was found to give 8”.6 for the mean 
value of the’ solar parallax. This result agrees with the mean of those 
obtained by astronomers from observations on the transit of Venus in 
1769. “It is very remarkable,” says Laplace, “ that an astronomer, _ 
without leaving his observatory, by merely comparing his observations 
with analysis, has been enabled to determine with accuracy the magnitude 
and figure of the earth, and its distance from the sun and moon, elements, 
the knowledge of which has been the fruit of long and troublesome voy- 
ages in both hemispheres,” + : 


* “Exposition du Systéme du Monde, tome ii, Pp. 91. 
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CHAPTER VI. 


Theory of the Figure of the Earth. Newton. —Huygens.— Maclaurin. —Clairaut.—At- 
traction of Spheroids,—D’ Alembert.—Legendre.—Theory of Laplace.— Motion of the 
Earth about its Centre of Gravity. —Nutation,—Bradley.—Investigation of Précession 
and Nutation, by D*Alembert,—The Tides—Equilibrium Theory.—Researched of 
Laplace-—Stability of the Ocean.—Libration of the Moon,-—Galileo.— Hevelins.— 
Newton.—Cassini.—Newton’s Explanation of the Moon's Physical Libration...Re- 
searches of Lagrange. Combination of the Principle of virtual Velocities with 
D’Alembert's Principle. —Laplace investigates the Effect of the secular Inequalities of 
the mean Motion upon the Libration in Longitude. — His Theory of Saturn's. Rings. 


‘Tax Figure of the Farth was the first of the subjects treated of in the 
‘Principia, which engaged the attention of geometers. In 1690 Huygens 
published his treatise “ De Causa Gravitatis,” in which he investigated 
the ratio of the earth’s axis in accordance with his own views of gravity. 
Assuming the density to be homogeneous, he imagined, like Newton, two 
fluid columns, reaching from the centre of the earth to the surface ; one in 
the plane of the equator and the other along the polar axis. The particles 
of the equatorial column were acted upon by gravity and by the centrifugal 
force arising from their rotation ; those of the polar column were acted 
upon by gravit alone. The equatorial particles a therefore, severally 
_ lighter than the polar, and the two columns being algo in equilibrium, it 
was necessary that the equatorial column should compensate, by its supe- 
rior length, for the diminished pressure of its particles. Huygens as- 
sumed that gravity urged the particles to the centre of the earth with 
a force varying according to the inverse square of the distance. “This 
supposition was inconsistent with the theory of gravitation, for Newton 
had found that, in consequence of the attraction of the surrounding 
particles, the tendency of each particle to the centre would vary in the 
direct ratio of the distance. We have already remarked, however, that 
Huygens rejected tho mutual attraction of the particles of matter, and 
_ admitted only their gravity towards a central point. Having computed 
. the lengths of the two columns on the supposition that they were in 
equilibrium, he found that the equatorial column would exceed the polar, 
assumed equal to unity, by half the ratio of the equatorial centrifugal force, 
to the equatorial gravity, or by + X gty = ate Hence the ratio of the 
two axes would be as 579 to 578, fe also found that the increase of 
gravity at the surface, from the equator to the pole, would vary in the 
proportion of the square of the sine of the latitude; and that the totak 


increase, supposing the equatorial gravity equal to unity, would be equal 
to twice the ratio of the equatorial centrifugal force to the equatorial 
gravity, or 2X a4. Thus the fraction expressing the ellipticity* was to 
that expressing the total increase of gravity as 3 t0 2. Newton's theory, 
on the other hand, gave the same fraction in the one case as in the other; 
both being measured by $ths the ratio of the equatorial centrifugal force 
to the equatorial gravity. It is remarkable, however, that the sum of the 
fractions is the same in both theories for the same values of the last- 

* The ratio of the excess of the equatorial over the polar axis to the latter axis is 


termed the ellipticity of the spheroid. Hence, if the polar axis be assumed equal to unity, 
the ellipticity will be represented simply by the excess of the equatorial axis over it. 
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mentioned ratio. Thus, in Newton's theory, the two fractions being both 
equal to x ghy, their sum is equal to $ x 545; in Huygens’ theory, 
the samo sum is equal to $xahy + 2Xahy = 2xa4y. These are 
only particular cases of a general theorem discovered by Clairaut, connect- 
ing the ellipticity of spheroids with the variation of gravity at their sur- 
faces. This theorem, indeed, supposes the mutual gravitation of the 
particles of matter, which Huygens refused to admit ; but the investigation 
of that philosopher may be considered as founded on the same principle, 
by imagining the spheroid to be composed of strata of different densities ; 
the exterior stratum being infinitely rare, and the density thence increas- 
ing to the centre, where it is infinite. 

‘The. theories of Newton and Huygens involve the two extreme cases of 
density, and therefore assign the limits of ellipticity for a heterogeneous 
spheroid revolving round a fixed axis. Hence, since there is strong 
Teagon to believe that the density of the earth increases towards the centre, 
it might naturally be expected that the ellipticity would be comprised 

between thege limits. This conclusion has been verified in the most 
ectory, manner by the researches of astronomers, who have found 
the -sllinticity, whether as: determined by the measurement of me- 
ional aaof,.by experiments with the pendulum, or by observations onthe 
motion of the moon, lies between 4, and ct, the values sssigned by‘the 
two extreme cases of the problem. ig 
Neither ‘Newton nor Huygens demonstrated 2 priori that the earth 
might possibly assume the form of an oblate spheroid. This important 
step was reserved for Maclaurin*. In his prize memoir on the Tides, 

which appeared in 1740, this distinguished mathematician proved, by a 

beautiful application of the ancient geometry, that an oblate spheroid 

would satisty the conditions of equilibrium of a homogeneous fluid mass, 
differing little from a sphere, and endued with a rotatory motion round 
a fixed axis. Ho also demonstrated that the increase of gravity from the 
equator to the pole would vary as the square of the sine of the latitude, 
and that the ratio of the total increase to the gravity at the equator would 
be expressed by the fraction representing the en irae or, in other words, 
by jths the ratio of the equatorial centrifugal force to the equatorial 
gravity. These results confirmed the assumptions of Newton ; but, as they 
were founded on the bg? tll of a homogeneous fluid, they were ‘not 
applicable to the earth, which evidently increased in density towards the 
centre. They formed, however, an important advance towards a more 
correct theory of the earth’s figure, and on this account deserve to:be 
considered as a valuable contribution to Physical Astronomy. ‘ ‘The in- 
vestigations by means of which Maclaurin arrived at these results have 

- been universally admired for their ingenuity and elegance, and are justly 
considered as rivalling, in these respects, the most finished models of the 
ancient geometry. 

«In 1748 Clairaut published his valuable treatise on the Figure of the 
Earth. In this work the general equations of the equilibrium of fluids, 
independently of any hypothesis with respect to the density or the law of 
the attraction, are for the first time given. By means of these equations 
Clairaut investigated the figure of the earth on the supposition of the den- 
sity being heterogeneous; and he found, that in this case also-an elliptic 
spheroid would satisfy the conditions of equilibrium, provided the mass was 






* Born in 1698, at Kilmoddan, in Argyllshire ; died at Edinburgh, in 1746, 
F2 
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disposed in concentric strata of similar forms and homogeneous density; 
The ellipticities of the successive strata will obviously depend on the law 
of the density, and the other conditions of the problem ; but Clairaut 
discovered that the following theorem is generally true:—the sum of the 
fractions expressing the ellipticity and the inerease of gravity at the pole is 
equal to two and a half times the fraction expressing the centrifugal force at 
the equator. This theorem, combined with that relating to the variation of 
gravity at the surface, enables us to determine the ellipticity of the earth, 
by means of observations on the force of gravity, in two different latitudes. 
Its peculiar value consists in being independent of any hypothesis with 
respect to the internal constitution of the earth. We have seen that the 
restilts obtained by Newton and Huygens offer particular illustrations of 
this important theorem, which is generally designated by the name of its 
inventor. Little real progress has been made in the theory of the Figure 
of the Earth beyond the results to which Clairaut was conducted by his 
admirable researches on this occasion. 

_ The actual ellipticity of the earth may be determined by three distinct 
methods. The simplest of these in principle depends on the measure- 
ment of two ares of the meridian lying in different latitudes. The other 
two methods are derived from the theory of gravitation. One of these is 
suggested by Clairaut’s theorem, and requires a knowledge of the force of 
gravity in two different latitudes. These data may be found by means. of 
experiments with the pendulum. The other met! od, assigned by theory, 
depends on the effect of the earth’s ellipticity in disturbing the moon's 
motion. It may not be uninteresting to compare the results obtained by 
these three methods; and for this parpose we shall select the examples 
given by Mr. Airy in his treatise on the Figure of the Earth . . 

With respect to the first method, Lambton measured an are of the 
meridian in India, comprised between lat. 8° 9’ 98” .4, and lat. 10° 59” 
48” .9, and found its length to be 1029100.5 feet. Swanberg, on the 
other hand, measured a similar are in Sweden from lat. 65° 81’ 32” .2, 
to lat, 67° 8’ 49” .8, and found its Jength 593277.5 feet. These measures 
assign zy}. 98 the. earth's ellipticity. 

‘Again, at Madras, in latitude 13° 4’ 9”, the length of the seconds 
pendulum has beei found to be equal to $9.0284 inches; at Melville 
Tsland, in latitude 74° 47’ 12”, the corresponding length is 39.2070 
jnches, These results give 4, for the ellipticity. ’ 

Lastly, the coefficient of the inequality in the moon's latitude, depend- 
ing on the spheroidal figure of the earth, is found by observation to be 
equal to ~8”, This result indicates an ellipticity equal to 34 fet 

The near agreement of these values of the ellipticity, determined by 
methods so very dissimilar, constitutes a powerful argument in favourwf , 
the theory of gravitation, 

It is obvious that the question relative to the figure of the earth, and 
the variation of gravity at the surface, is intimately connected with the , 
theory of the attraction of spheroids. In 1773 Lagrange demonstrated 
by analysis the results to which Maclaurin was conducted by his re- 
searches on this subject, and extended them to the general form of the 


* Ta this enunciation of Clairaut’s theorem, the unit of force is represented by the 
equatorial gravity. : 

+ Mathematical Tracts on the Lunar and Planetary Perturbations. 

ie result does not exactly coincide with Laplace’s, on account of a slight difference 
in the data, : 2 
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ellipsoid. Maclaurin’ had limited his investigation to the attraction of 
particles either contiguous to the surface of the spheroid, or situated in - 
its interior. It was desirable, however, to complete the theory of the 
subject, by determining the attraction of a point situated anywhere with- 
out the spheroid. D’Alembert first gave a theorem, by means of which 
the attraction in this case might be found, when the particle was situated 
in the prolongation of one of the axes, and Legendre afterwards discovered 
a similar theorem applicable to an exterior point, situated ‘anywhere 
whatever when the attracting body was an ellipsoid of revolution. The 
problem for the general case of the ellipsoid presented analytical diffi- 
culties, which continued for some time to elude the researches of the 
most profound analysts. In 1784 Laplace finally succeeded in effecting 
its solution, but his method was embarrassed with series, and did not by 
any means possess the elegance and perfection which distinguished the 
other parts of the theory. 

In 1782 Laplace explained general theory of the attraction of 
ellipsoids. His reséarches were based wholly upon a partial differential 
equition‘of the setond order of a very remarkable character, which hag 
Beet eybfequéntly employed with @reat success in many important in- 
Yeod avin "dbanected | with the Physico-mathematical sciences: By. 
simple’ differentiation, he determined ‘the figure assumed by a heterd- 
geneous mass of fluid, differing only in a small degree from a sphere, 
and by a similar process he also obtained the law of attraction at the 
external stratum. His results coincided with those to which Clairaut 
had been already conducted by a less direct analysis. The investigation 
of this great geometer is indeed more remarkable, for the method by 
which he derives the theorems of his predecessors, than for any new light 
he throws on the difficult subject to which it relates. The pelea ha 
employs in it is described by one of the most eminent mathematicians of 
the present age, as the most singular in its character, and the most 
powerful in its application, which has ever been devised *. 

The motion of the earth about its centre of gravity was one of those 
great problems of the system of the world, which demanded for its solu- 
tion the most advanced principles of mechanical science. Newton's Te. 
searches on this subject have been admired as one of the most remark- 
able triumphs of his genius, but a more complete and systematic investi- 
gation was rendered desirable by the improved state of analytical me- 
chanics. Further researches were also called for by Bradley's discavery 
of Nutation. Tt did not escape the sagacity of Newton, that besides the: 
motion which occasions the Pregession of the Equinoxes, the earth's axis 
would be affected by an oscillatory motion, arising from the variable 
position of the plane of the equator with respect to the direction of the 
sun's disturbing force +. In fact, if we suppose the earth to be situated 
in the vernal equinox, the sun’s disturbing force will pass through the 
plane of the ring formed by the redundant matter at the equator, and, 
therefore, it can produce no effect on the position of that plane. As the 
earth proceeds in her course, the sun's force becoming inclined to the 
ring, will tend to disturb its position, and this disturbance will continually 
increase to the solstice, where the inclination reaches its maximum, 
From this point the tendency of the sun to disturb the ring continually, | 


* Airy, Encycl. Metrop. Art. Figure of the Earth, 
+ Principia, book i. prop. 66, cor. 20. 
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diminishes, until it finally vanishes once more upon the earth's arrival in 
the autumnal equinox, when the disturbing force passes through the 
plane of the ring, The same succession of changes will manifestly take 
place from the autumnal to the vernal equinox. ‘This constant variation 
of the influence of the sun’s disturbing force upon the position of the equa- 
tor will give rise to an oscillatory movement of the latter plane, which 
will poss through its values in the course of half a year, and it will be ac- 
cempanied by a corresponding nutation of the earth's axis with respect to 
the plane of the ecliptic. Newton announced the period of this inequality, 
but did not compute its value, deeming it too inconsiderable to be de- 
tected by observation *. In fact, it does not amount to half a second at 
its maximum. A similar nutation orises from the action of the moon on 
the terrestrial spheroid. It completes-its period in half a month, but, 
like the solar nutation, it is quite insensible. . 

Bat, if the plane in which either of the disturbing bodies moves should 
vary in position with respect to the plane of the equator, it is clear that a 
nutation of the earth's axis will arise, independent of that which we have 
just been considering. In this case the effect of the disturbing force will 
jucreage or diminish with the increase or diminution of the inclination 
between the two planes, and it will give rise to an inequality, the period 
of which will be equal to that comprised between the least and greatest 
angles of inclination. Since the plane of the ecliptic constantly preserves 
the same inclination with respect to the equator, at least, if we neglect 
its secular displacement, no nutation of this kind can arise from the action 
of the sun. But the case is quite different when the disturbing force of 
the moon is considered. The lunar orbit is inclined to the ecliptic at an 
invariable angle, but, as its nodes have a retrograde motion upon that 
plane, its inclination to the equator will continually vary. The incli- 
nation of the lunar orbit to the ecliptic is about 5° 8’, and the nodes 
perform a complete revolution in somewhat more than 18 years. The in- 
clination to the equator will therefore pass from its maximum to its mini- 
mum value in abowt 9 years, varying to the extent of 10° 16’, and in the 
succeeding 9 years it will return to its original state. Henco arises an 
inequality in the motion of the earth's axis, which completes its period in 
alittle more than 18 years. This inequality had escaped the notice of 
geometers, until Bradley detected it by observation. That great as- 
tronomer discovered irregularities in the places of the stars, which could 
not be reconciled either with the phenomenon of aberration, or with the 
annual motion of precession. Having prosecuted his observations during 
a number of years, he found that the irregularity of each star passed 
through all its values in course of a complete revolution of the moon's 
nodes. ‘Thus, for example, he found that, during the nine years com- - 
prised between 1727 and 1736, the star Draconis moved 10” to the 
north, while during the nine following years it continued to move south- 
wards, until it finally arrived in its original position. He explained 
these irregularities by an oscillatory movement of the earth's axis, the 
period of which extended to a revolution of the moon's nodes. In virtue 
of this nutation, the earth’s axis alternately approaches to, and recedes 
from, the plane of the ecliptic, and the equinoctial points alternately 
advance and recede upon the same plane. Both of these effects may be 
accounted for by imagining the pole of the equator. to describe a small 


* Principia, book iii. prop. 21. 
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ellipse in the heavens round its mean place, the major and minor axes of 
the ellipse being 18” and 13”,.and the former of these coinciding with 
the direle of latitude passing through the mean pole of the equator. 
Bradley, besides determining the period and maximum value of Nute- 
tion, had the sagacity also to discover its true physical cause. It now 
remained for geometers to compute the inequality by theory. In 1749 
D’Alembert published his important work on the Precession of the Equi- 
noxes, which contained a rigorous investigation of the motion of the earth 
about its centre of gravity. The quantities of precession and nutation, 
when computed by theory, were found to accord in th8 most satisfactory 
manner with observation. Solutions of the same great problem, differing _ 
more or less from each other, were soon afterwards given by Kuler, Frisi, 
Thomas Simpson, and several other geometers. Laplace at a later period 
examined the effect which might be produced on the motion of the earth’s 
axis by the fluid etate of the ocean, and he was conducted to the following 
temarkable conclusion :—the motion of the earth's aais is the same as if 
the whole sea formed a solid mass adhering to its surface. * 
°. “About the time that geometers resumed the consideration of the figure of 
- arth, Oot attention wag also directed to the theory of the Tides. The 
Acadethy of Stinoés of Paris having proposed it as the subject of their prize 
of 1740, four individtials were considered to possess just claims to distinction, 
and the prize was shared among them. Three of these, Fuler, Macldurin, 
and Daniel Bernouilli, adopted the principle of gravitation as the basis of 
their respective investigations ; the fourth, Father Cayalleri, endeavoured 
to explain the phenomena by the system of vortives. This was the last 
honour paid to the Cartesian theory, which soon afterwards sank into total 
oblivion. The three geometers first mentioned supposed that the action 
of the sun or moon upon the acean drew the earth every instant into the 
form of an aqueous spheroid, which would be maintained in equilibrium 
“if the forces continued to operate with the same intensity and in the same 
direction. This was termed the equilibrium theory, and it is manifest 
from its fundamental principle that the researches suggested by it essen- 
tially coincided with ne relating to the figure of thé earth. In reality, 
however, the continual change in the positions of the sun and moon with 
respect to the earth does not allow the waters of the ocean to attain a 
state of equilibrium, and it is by the mutual blending of the oscillations 
hence arising that the different phenomena of the tides are occasioned 
The question is therefore ong of dynamics, and not of statics, Laplace 
first considered the subject in its proper light, its investigation havi 
been recently very much facilitated by the researches of D’Alembert ‘on 
the motion of fluids, and by his invention of the caleulus of partial dif. 
ferences. The theory of Laplace, although generally allowed to be a 
signal effort of mathematical genius, is based upon two suppositions, which 
cannot be reconciled with the real condition of the earth. These are—|st, 
, that the whole exterior stratum of the earth is covered with an aqueous 
fluid ; 2nd, that the depth of the ocean is uniform under the same paral- 
lel of latitude. Discovering the impossibility of adapting his results to 
the actual state of the Tides, on account of the influence of a multitude of 
circumstances which could not be ascertained with precision, and even if 
they were so ascertained could not be introduced ito his theory, he was 
compelled to assume as a general principle that the oscillations of the 
waters of the ocean are periodical, like the forces which produce them, but 
that they are not necessarily proportional to the magnitudes of those forces, 
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nor are the times of their maxima and minima necessarily coincident with 
the times of the maxima and minima of the forces. In other words, he as- 
sumed that, if the disturbing forces of the sun or moon be expressed by a 
series of cosines of angles, the oscillations of the sea will be expressed by 
a corresponding series of cosines, the arguments being the same in both 
cases, but the epochs and coefficients being different. This assumption has 
been justly regarded as tantamount to an evasion of the difficulties of the 
problem, rather than a real conquest of them. Indeed, it is now generally © 
admitted, that a long course of observations, conducted with great skill, 
and under a variety of different circumstances, can alone lead to a theory 
of this subject which shall be of any service in the construction of accu- 
rate Tide tables. 

An interesting question which Laplace considered in connexion with 
that of the Tides was the stability of the Ocean. It is important to know 
whether the condition of the ocean is such that any disturbance”which it 
might suffer would produce only temporary oscillations, in course of which 
the waters would gradually relapse into their former position, or whether 
the condition is so unstable that the communication of a small quantity 
of motion would cause the waters to leave their ordinaryded and over- 
whelm the whole surface of the earth. Laplace found that the equilibrium 
would be stable provided the density of the sea was less than the mean 
density of the earth. Now, the various experiments made on the attrac- 
tion of mountains, and those executed for a similar purpose with the tor- 
sion balance of Cavendish, all concur in showing that the mean density of 
the earth is about five times the density of the sea. We are therefore 
assured that, under the present constitution of the material universe, the 
face of the. earth will not be liable to any overwhelming inundation of the 
waters of the ocean, a conclusion which beautifully illustrates the lan- 
guage of Scripture—“ hitherto shalt thou come, and no further.” * 

Another important subject which soon afterwards engaged the atten- 
tion of geometers was the libration of the moon. It had been remarked, 
from the most ancient times, that the moon turns the same side towards. 
the earth throughout the entire course of every revolution. A curious 
consequence of this fact is, that the motion of that body round the earth 
is equal to her motion round her axis. It is singular, however, that this 
conclusion does not appear to have suggested itself to astronomers until 
the revival of science in modern times. Galileo first discovered that the 
appearance of the moon’s surface is subject to a slight variation, depend- 
ing on her altitude above the horizon. ‘This fact he rightly explained by 
the variable position of a spectator at the earth’s surface ou account of the 
diurnal motion. In fact, unless the moon be in the zenith, a spectator always 
views her in a direction different more or less from that in which he would 
view her if he were placed at the centre of the earth. This phenomenon, in 
consequence of passing through all its phases in twenty-four hours, has been 
designated the diurnal libration of the moon. Hevelius discovered a similar 
libration in longitude, which he ascribed to the displacement of the centre 7 
of the orbit from the centre of motion; but Newton first gave a clear expla- 
nation of this phenomenon in a letter addressed to Mercator, which appeared 
in a work on astronomy, published by that individual in the year 1676. 
He showed that it arose from the inequalities of the moon in longitude 
causing the angle described by her round the earth sometimes to exceed 


* Job xxxviii. 2. 
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in magnitude the angle described by her round her axis, and other times 
to fall short of the same angle; whence it happened, that the great circle 
formed hy the intersection of the lunar surface with a plane passing 
through the moon's centre, and perpendicular to the line joining the earth 
and moon (which great circle determines the lunar hemisphere visible to 
the spectator), does not maintain a fixed position, but oscillates continually 
round a mean state. Hence the moon will appear to librate continually 

* to and fro in the plane of her motion. In, the same letter Newton ex- 
plained the libration in latitude, which arisesn consequence of the moon’s 
axis of rotation being inclined to her orbit. This phenomenon, like the 
two already mentioned, is purely optical. 

Cassini is the next person whose researches contributed to throw light 
upon this interesting subject. ‘I'his astronomer discovered the remark- 
able fact, that the nodes of the moon’s equator always coincide with the 
nodes of her orbit. He also found that a plane drawn through the moon's 
centre, parallel to the plane of the ecliptic, is always contained between the 
planes of her equator and orbit, so that the poles of the latter are con- 
stantly situated in the same great circle with the pole of the ecliptic, but 
on beds sides of it. He fixed the inclination of the lunar equator to 
the ecliptic at 2° 80’. 

Mayer, about the middle of the last century, undertook an extensive 
series of observations for the purpose of verifying the conclusions of Cas- 
sini. He measured the distance between the nodes of the equator and 
orbit, and found it to amount to 3° 80’.. He remarked, however, that the 
displacement might be considered as absolutely insensible, since its de- 
termination depended on the inclination of the lunar equator, an error in 
which of only 5’ would produce a corresponding error of 20° of 25° in the 
distance between the nodes. He fixed the inclination of the lunar equator 
at 1° 45’, a quantity considerably Jess than the corresponding estimate 
of Cassini. Lalande, a short time afterwards, made observations on the 
moon, and arrived at couclusions which mainly agreed with those of 
Majer, but he obtained 2° 9’ for the inclination of the Junar equator. 
Recent observations have, however, completely confirmed the value as. 
signed to that elament by the illustrious astronomer of Gottingen, 

The librations we have hitherto mentioned are apparent, not real; for they 
do not depend upon any actual inequality in the motion of the moon round 
her axis. Newton, however, did not fail to perceive that the action of the 
earth would, under certain conditions, affect the figure of the moon, and 
would thereby occasion a real variation of her rotatory motion. Proceed- 
ing upon the supposition that she was originally in a fluid state, he con- 
cluded that the terrestrial attraction would draw her into the form of a 
spheroid, the longer axis of whieh, when produced, would pass through 
the earth's centre. Comparing this phenomenon with the tidal spheroid, 
occasioned by the action of the moon upon the earth, he found that the 

. Gameter of the lunar spheroid, which is directed towards the earth, would 
exceed the diameter at right angles to it by 186 feet. He discovered in 
this elongation of the moon the cause why she always turns the same side 
towards the earth, for he remarked that in any other position the action 
of the earth would not maintain her in equilibrium, but would constantly 
draw her back, until the clongated axis coincided in direction with the line 
joining the earth and moon. Now, in consequence of the inequalities of 
the moon in longitude, the elongated axis will not always be directed 
exactly to the earth. Newton therefore concluded that a real libration of 


74 HISTORY OF PHYSICAL ASTRONOMY. 


the moon would ensue, in virtue of which the elongated axis would oscil- 
late perpetually on each side of its mean place. 

D’Alembert was the first of Newton's suecessors who undertook to in- 
vestigate the subject of the moon’s physical libration, In 1754 this 
great geometer, encouraged by his researches on the Precession of the 
Equinoxes, applied the same method of investigation to the problem of 
the moon's motion about her centre of gravity. He did not, however, 
pay sufficient attention to the modification rendered necessary by the 
slow rotatory motion of the moon, and the near commensurability of 
the motions of revolution and rotation. For these reasons the results 
obtained by him did not accord so well with observation as those to which 
he was conducted by his previous researches of a similar kind relative to 
the motion of the earth. ‘The Academy of Sciences of Paris having 
offered their prize of 1764 for a complete theory of the moon's libration, 
Lagrange composed an admirable memoir on the subject, which obtained 
for him the prize, It was in this investigation that he first employed the 
principle of virtual velocities in combination with the dynamical principle 
recently discovered by D'Alembert. By this step he reduced every ques- 
tion relating to the motion of a system of bodies to the integration of a 
series of differential equations of the second order, whence the only dif- 
ficulties that remained to be overcome were those of a purely analytical 
nature. This refined conception forms the basis of his celebrated work, 
the Mécanique Analytigue, which he published at a subsequent period of his 
life, and in which all the great problems of mechanical science are inves- 
tigated by a process divested of every trace of geometrical reasoning. 

Lagrange, in the memoir above mentioned, proceeded first to consider 
the figure which the moon would assume in consequence of the various 
forces exerted upon the particles composing her mass, which he supposed, 
with Newton, to have been originally in a fluid state. It does not appear 
to have occurred to the latter, that the centrifugal force generated by the 
yotatory motion of the moon would affect her figure to an extent com- 
parable with the effect occasioned by the action of the earth. - Lagrange, 
however, found that both effects were of the same order, and that the moon 
would in reality acquire the form of an ellipsoid, the greatest axis being 
directed towards the earth, and the least being perpendicular to the plane 
of the equator. ‘Ihe greatest axis, and the mean axis, will both lie in the 
last-mentioned plane; the mean position of which, as we have already stated, 
is parallel to the plane of the ecliptic. Lagrange also found that the excess 
of the axis turned towards the earth over the least axis was four times 
greater than the excess of the axis at right angles to it over the same axis, 

Considering next the effect of the earth's attraction upon the rotatory 
motion of the moon, Lagrange found that the mean motion would be 
affected by a series of inequalities corresponding to those of the mean 
motion in longitude. The velocity of rotation is on this account some- 
times accelcrated beyond its mean state, and at other times retarded behind : 
it, whence there ensues a real libration similar to that remarked by New- 
ton. Lagrange shewed that it was not necessary to suppose that at the 
origin the motions of rotation and revolution were exactly equal. If they 
differed by an arbitrary quantity confined within certain narrow limits, 
the effect of this difference would be merely to occasion a slight inequality, 
in the motion of rotation, in virtue of which the axis directed towards the 
earth would librate continually on each side of the line joining the earth 
and moon. The most careful observations of the moon's surfaco have not 
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disclosed to astronomers any traces of a libratory motion of this character ; 
whence we may conclude that the motions of rotation and revolution did 
not originally differ by a sensible quantity *. 

Lagrange next considered the libration of the moon in latitude. In 
this memoir he did not succeed in explaining the singular fact discovered 
by Cassini relative to the coincidence of the nodes of the lunar orbit and 
equator. When he assumed this coincidence in the outset of his re- 
searches, he found that the lunar equator, instead of being fixed with 
respect to the ecliptic, continually approached towards that plane, while 
observation on the other hand went to prove that it was inclined to it at 
nearly an invariable angle. This portion of his researches being imper- 
fect, he resumed the subject fifteen years afterwards, and in the volume 
of tho Berlin Academy for 1780, he published an admirable memoir, in 
which he completed the theory of the moon’s motion about her centre of 
gravity. On this occasion he was conducted to the remarkable conclusion, 
that if the mean nodes of the lunar equator and orbit be supposed to 
have originally coincided, the action of the earth upon the lunar ellipsoid 
would constantly maintain this coincidence. He also determined the laws 

“thé ‘smiall ‘oscillations, by which the true node of ‘the lunar equator 

ii j fitin thie‘ mean node. 

~The ohly question connected with this subject which still remained to 
be examined was the effect which the secular inequalities in the mean 
motion of the moon might produce upon the appearance of the lunar 
surface. These inequalities will one day derange the mean place of the 
moon to the extent of several circumferences of the circle, and if the 
rotatory motion of the moon remained constant amine the whole period 
of their developement, the inevitable consequence would be, that the moon 
would present the whole of her surface in gradual succession towards the 





* Several writers on astronomy, when describing the various librations of the moon, 
affirm that the fourth, or physical libration, was discovered by Lagrange. If this refers 
to the libratory motion mentioned in the text, it cannot be called a discovery, since its 
actual existence has not yet been established by astronomers. The only read libration 
which observation has detected is that depending on the lunar inequalities in longitude 
(chiefly the annual efuation ; sce Chapter XI. ), and this phenomenon was first remarked 
as a theoretical truth by the great founder of Physical Astronomy, who unfolded the whole 
mechanism of the planetary system, and by his unrivalled sagacity anticipated those results 
which his successors, by the aid of a refined analysis, have been enabled only to confirm 
and extend. Laplace is surprised that Newton should have failed to notid® that, in order 
to assure the constant equality of the motions of rotation and revolution, it was not abso- 
lutely necessary that at the origin they should have been exactly equal. This, however, 
might be considered as a natural corollary to the remark of Newton, that any disturbance 
of the elongated axis of the moon would merely result in an oscillatory motion on each 
side of its mean place; for the possibility of allowing the arbitrary constants of any 
system to vary a little on each side of a mean state, without occasioning any permanent 

lerangement of the system, is a manifest attribute of the condition of stable equilibrium, 
and such a condition is clearly implied in Newton’s words:—“ Unde ad hunc situm 
semper oscillando redibit."—Princip., lib. iii. prop. xxxviii. Ifthe motions of rotation 
and revolution had differed a little at the origin, as Laplace conceived they might, it is 
clear that the elongated axis would not have coincided exactly with the line joining the 
éarth and moon; and hence, according to Newton’s statement, it would oscillate con- 
tinually on each side of that line. Newton, however, evidently refers to the difference in 
the two motions occasioned by the inequalities im the moon’s longitude. It is natural 
enough, indeed, to suppose that the illustrious author of the Principia did not_feel any 
anxiety to repudiate the original equality of the motions of rotation and revolution—a 
relation which, although perhaps difficult to explain by the doctrine of chances, becomes 
very interesting and suggestive when it is considered as the result of Supreme Intel- 
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earth. Laplace investigated this interesting question, and arrived at the 
conclusion that such a condition was inconsistent with the theory of gra- 
vitation. He found, in fact, that the terrestrial attraction would always 
draw the moon's axis into coincidence with the line joining the earth 
and moon, so that the rotatory-motion will participate in the secular acce- 
leration of the motion in longitude, and consequently the lunar hemi- 
sphere, which is turned away from us, will remain for ever concealed from 
view, with the exception of the small portion disclosed by the periodic 
inequalities. 

Laplace has considered the circumstances which determine the sta- 
bility of the singular mechanism with which the planet Saturn is 
furnished. He considers that the rotatory motion of the rings may be 
accounted for by supposing the particles composing them to be homoge- 
neous, and to move freely among each other like the particles of a 
fluid, Under such conditions, he shews that they would be maintained in 
equilibrium by the action of the planet and the centrifugal force generated 
by their own rotatory motion, the exterior surfaces assumed by both rings 
being such, that all sections perpendicular to them, and passing through 
the centre of the planet, would be ellipses, whose major axes when produced 
would pass through that point. Laplace hence concluded that the period of 
the rotation of the rings is equal to that of a satellite revolving at the 
distance of the centre of the generating ellipse. This period he found to 
be equal to 10h. $3.36”. It is remarkable that Herschel inferred, from 
certain periodic changes in the appearance of the rings, that they accom- 
plished a revolution round the planet in 10h. 827.15/7%. 

If the rings were uniform and circular, and were not exposed to the 
action of any extraneous force, it would still be possible for them to re- 
volve constantly round the planet; but it is clear that the least disturb- 
ance, as the action of a satellite or comet, would affect their stability, and 
ultimately precipitate them upon the body of the planet. In order, there- 
fore, to assure the permanence of the rings, Laplace conceived that it was 
necessary to suppose their figures to be irregular, so that any disturbance 
either of them might suffer would be rapidly checked in course of rota- 
tion by the unequal distribution of the mass. : 
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Jupiter's Satellites. Galileo. Simon Marius.— Hodierna.—Borelli. Cassini. ~His first 
Tables.—He is invited to France.— He publishes his Second Tables, — His Rejection of 
the Equation of Light.— Researches of Maraldi He discovers that the Inclination 
of the second Satellite is variable.—Bradley’s Discoveries.—Maraldi Il—His Dis-. 
coveries relative to the third and fourth Satellites: He adopts the Equation of Light. 
~—Wargentin.— He discovers the Inequalities in Longitude of the first and second 
Satellites. —-He remarks that the third Satellite has two Equations of the Centre.— 
Motion of the Nodes of the fourth Satellite.—Inclination of the third Satellite.— 
Libratory Motion of the Nodes.—Inclination of the fourth Satellite. 






Tue discovery of Jupiter's satellites is one of the most interesting events 
in the history of astronomy. Even in any age it would have been deemed 


* Phil. Trans. 1790. 
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an important contribution to science; but in the beginning of the seven: 
teenth century, when men’s minds were wavering between the ancient 
and modern ideas of the system of the world, it exercised an influence of 
which it is impossible to form an adequate conception in the present day. 
The existence of four bodies revolving round one of the principal planets 
of the solar system, exhibited a beautiful illustration of the moon’s motion 
round the earth, and furnished an argument of overwhelming force in _ 
favour of the Copernican theory. The announcement of this fact pointed 
out also the long vista of similar discoveries which have continued from 
time to time down to the present day to enrich the solar system, and to 
shed a lustre on the science of astronomy. In more recent times the 
physical theory of Jupiter and his attendants has supplied evidence of the 
most varied and satisfactory character in favour of the principle of Uni- 
versal Gravitation. All the irregularities which arise from the mutual 
action of the larger bodies of the system are here exhibited in miniature. 
‘Pheir study also offers peculiar advantages to the mathematician, for, as 
they generally pass through all their values in short periods, their real 
character is, xeadily appreciable, and on this account they are eminently 


fa y for tenting. the.conclusions of his theory. Nor is it morely in 
igg, ape ‘ive. science that the discovery of Jupiter's satellites 
ig.te} d.aa.of capital importance. The eclipses of these: bodied: 


sam. sagesated @ new: solution of the great problem of the longitude. 
Their theory thus came to be associated with one of those questions 
which most deeply affect the progress of civilization—the promotion of 
mutual intercourse between the various nations of mankind,—and a more 
earnest and more generally diffused interest was naturally felt in the re- 
searches connected with its improvement. 

When Galileo first turned his telescope to the planets, he was delighted 
to perceive that they exhibited a round appearance like the sun or moon. 
Jupiter presented a dise of considerable magnitude, but in no other re- 
spéct was he distinguishable from the rest of the superior planets. 

aving, however, examined him with a new telescope of superior power on 
the 7th January, 1610, his attention was soon drawn to three small but 
very bright stars that appeared in his vicinity, two on the east side and 
one on the west side of him. He imagined them to be three fixed stars, 
and still there was something in their appearance which excited his ad- 
miration. ‘They were all disposed in a right line parallel to the plane of 
the ecliptic, and were brighter than other stars of the same magnitude. 


| OK *C) * 


.-This did not, however, induce him to alter his opinion that they were 
fixed stars, and therefore he paid no attention to their distances from 
each other, or from the planet. Happening, by mere accident, to examiiie 
Jupiter again on the 8th January *, he was surprised to find that the 
stars were now arranged quite differently from what they were when he 





- Apa 
Bang Cum autem die octava, nescio quo fafo ductus, ad inspectionem eandem reversus ” 
essem.”— Sidereus Nuncius, p. 20. 
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first saw them. ‘They were all now on the west side of the planet, and 


() * ** 


were nearer to each other than they had been on the previous evening ; 
they were also disposed at equal distances from each other. The strange 
fact of the mutual approach of the stars did not yet strike his attention, 
but it excited his astonishment, that Jupiter should be seen to the east of 
them all, when only the preceding night he had been seen to the west of 
two of them. He was induced, on this account, to suspect that the 
motion of the planet might be direct, contrary to the calculations of 
astronomers, and that he bad got in advance of the stars by means of his 
proper motion. He therefore waited for the following night with great 
anxiety, but his hopes were disappointed, for the heavens were on all 
sides enveloped in clouds. On the 10th he saw only two stars, and they 
were both on the east side of Jupiter. He suspected that the third 


« *O : 


might be concealed behind the disc of the planet. They appeared ns 
belore in the same right line with him, and lay in the direction of the 
zodiac. Unable to account for such changes by the motion of the planet, 
and being at the same time fully assured that he always observed tho 
same stars, his doubts now resolved themselves into admiration, and he 
found that the apparent motions should be referred to the stars them- 
selves avd not to the planet. Ho therefore deemed it an object, of 
aramount importance to watch them with increased attention. > 
On the 11th he again saw only two stars, and they were also both on 


the east 
* *O 


side of Jupiter. The more eastern one appeared nearly twice as large as 
the other, although on the previous evening he had found them almost 
equal. his fact, when considered in connexion with the constant change 
of the relative positions of the stars and the total disappearance of one 
of them, left no doubt on his mind of their real character. He therefore 
came to the conclusion, that there are in the heavens three stars revolving 
round Jupiter in the same manner as Venus and Mercuty revolve round 
the sun, On the 12th he saw three stars; two on the east side of 


+-O* 


Jupiter, and one on the west side. The third began to appear about 
three o'clock in the morning, emerging from the eastern limb of the 
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planet; it was then exceedingly small, and was discernible only with 
great difficulty. On the 15th he finally saw four stars. Three of them 


k CC) ¥* 


were on the west side of the planet, and the remaining one on the east 
side, They were all arranged in a line parallel to the ecliptic, with the 
exception of the central star of the three western ones, which declined a 
little towards the north. They appeared of the same magnitude, and, 

. though small, were very brilliant, shining with a much greater lustre than 
fixed stars of the same magnitude *. 

The future observations of Galileo established beyond all doubt that 
Jupiter was attended by four satellites. He continued to examine them 
until the latter end of March, noting their configurations, and recording 
the stars which appeared in the same field of view with them. 

« oon: efter Galileo's famous discovery, he perceived the utility of 
the satellites for finding the longitude, and he continued for many 
yeara # make observations on them, with the view of constructing a 
theory of their motions. Much lias been said about his. tables of the 
satellites, which were to have been published by his friend and pupil Ri- 
mieri, but which, by some unaccountable accident, disappeared at the death of 
that person, and could nowhere be found, until they were finally discovered 
a few years ago in a private library at Rome. We know that Galileo him- 
self was very sanguine of their practical utility, but his opinion of their 
merits does not seem to be borne out by the actual examination of them 
consequent on their rediscovery. Indeed, when we reflect on the many 

ainful efforts which it cost his suecessors to arrive at even a tolerable 

nowledge of the elements of the satellites, we might very reasonably 
conclude, @ priori, that his tables can only be regarded in the present day 
as an object of scientific curiosity. An interesting fragment of his early 
researches on the satellites is to be found in one of his letters to: Welser, 
the person through whom he carried on the controversy with Schener the 
Jesuit, relative to the discovery of the solar spots. At the end of aJetter 
dated December Ist, 1612, he gives a sketch in rough drawings of the 
configurations of the satellites from 1st March till 7th May of the follow 
ing year. . 

Simon Mayer, the German astronomer, who contended for the inde- 
pendent discovery of the satellites, resolved to strengthen his claims by 
the construction of tables of their motions. ‘The crude labours of this im- 
pudent pretender were, however, no sooner given to the world than they 
fell into deserved oblivion. Hodierna, a Sicilian astronomer, is the next 
person who is mentioned as having devoted his attention to this syhject. 

. In 1656 he published his observations on the satellites, accompanied 
with remarks on the theory of their motions. He is the first astronomer 
who pointed out the superior importance of eclipses of the satellites as 
compared with other phenomena. He also calculated tables of their 
motions, but they are said to have been so very inaccurate, that in a few 
years they even ceased to represent the configurations of the different 
bodies. In 1666 Borelli attempted to establish a theory of the satellites, 

* The preceding configurations are derived from those given by the illustrious dis- 
covercr in the Sidereus Nuncius. 
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by meaps of his own observations and those of Hodierna, but his labours 
were affended with very imperfect success. 

The earliest tables which enjoyed any confidence among astronomers were 
those of Cassini, which first appeared in 1168 at Bologna. Picard, the cele- 
brated French astronomer, having compared them with a number of observed 
eclipses, found them to be even more accurate than their author anticipated. 
He, in consequence, recommended him to Colbert as aa astronomer, whose 
talents would be an ornament to France, and, at the suggestion of that 
minister, Louis the Fourteenth invited him to his capital. Cassini, upon 
his arrival in Paris, resolved to perfect his previous researches on the 
motions of the satellites, and during many years he continued to make 
observations on their eclipses. Ju_1693 he published his second tables, 
which far execeded in accuracy any previous efforts of the kind, ‘Ihose 
of the first satellite especially were found to yepresent the times of the 
eclipses with remarkable fidelity, and by means of them the longitude 
was determined with a precision hitherto unknown. In these tables the 
orbits of the four satellites were considered to be circular ; they were in- 
clined to Jupiter's orbit at equal angles, and their nodes had all'a common 

osition, Cussini estimated the inclination of the orbits at 2°55’, and 

e fixed the nodes in 105 14° 30’ of longitude ; both of these elements 
were supposed invariable. He did not employ the equation of light in 
his tables, although at one time he was favourably disposed towards the 
hypothesis of Roemer. Le perceived that the successive propagation of 
light explained the irregularities in the eclipses of the first satellite when 
the earth was in different positions of her orbit; but, finding that it did 
not account in an equally satisfactory manner for the irregularities of the 
other satellites, he rejected it altogether, and instead of it he used in the 
tables of the first satcllite an empiric equation de; pending on the relative 
positions of the Earth and Jupiter. Although the error in an eclipse of 
the first satellite scldom excceded 1’ of time, yet it happened occasionally 
that it rose to 5 or 6’. ‘Lhe inequality which principally occasioned this 
error was certainly not easy to discover ; but it is surprising that a similar 
Inequality in the second satellite, which rises to a much greater magni- 
tude, should have escaped the sagacity of Cassini. He also failed to 
notice the principal inequality in the fourth satellite, although it causes 
the times of eclipses to vary to the extent of an hour. Notwithstanding 
these defects, the tables of Cassini mark an important epoch in the 
history of the satellites, and their construction will ever remain a monument 
of the ingenuity and patience of their illustrious author, 

Maraldi T., the nephew of Cassini, also devoted much attention to the 
subject of Jupiter's satellites. He admitted, in common with his relative, 
that the equation of light gave a very satisfactory account of the errors in 
the first satellite, when the earth was in different parts of her orbit, but 
he maintained that, if this equation was founded upon true physical 
principles, it should vary from the perihelion to the aphelion of Jupiter's 
orbit, a conclusion which the observations on eclipses did not seem to him 
to warrant. Hic also remarked, that if the errors in the times of the 
eclipses depended upon the successive propagation of light, they should 
be equal for all the satellites when the carth was in the same parts of her 
orbit. It did not occur to him that other irregularities might exist in the 
motions of the satellites, and might cause the errors of eclipses to be very 
different for each satellite. It is true that the orbits were supposed 
circular, and as long as astronomers entertained this belief there could 


* 
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be no equation of the centre; but, as Delambre justly remarkg there 
might exist the inequality of the variation cven in a cireular orbit, and, as 
long as it was neglected, it ‘would occasion an apparent discordance 
between the several equations of light. The arguments of Maraldi were, 
however, considered by some of his most eminent contemporaries to be 
fatal to the theory of Roemer. “ It appears then,” says Fontenelle, “ that 
we must renounce@@hough perhaps with regret, the ingenious and se- 
ductive hypothesis of the successive propagation of light... . . How 
little prevents us from falling into great errors! If Jupiter had but one 
satellite, or if the eccentricity had been less, and these two things are 
very possible, we should have concluded with the utmost confidence that, 
light traversed the annual orbit of the earth in 14 minutes.” * 

Maraldi first established the important fact, that the inclination of the 
second satellite is variable. He was led to this discovery hy observing 
that the duration of eclipses was not always the same when the satellite 
Was at the same distance from the nodes, a fact of which he assured him- 
self by a careful comparison of a great number of eclipses. For example, 
on the 2]st January, 1668, when Jupiter was in that part of his orbit 
wherein the eclipses are shortest, he found that the semi-duration of 
the eclipse was 15 19; on the 17th September, 1715, when all the 
circumstances were the same, the semi-duration was only 1h 7m J4s, 
The difference amounted to 11™ 46°, and, as this quantity was too great 
to be ascribed to*the errors of observation, he concluded that it must 
have proceeded from a change in some of the clements upon which 

e 


the phenomenon depended. “He remarked that the duration of the 
eclipse might be moditied hy three distinct canses; Ist, a variation in 
the eccentricity of the satellite; 2nd, a variation in the inclination ; 


3rd, # variation in the place of the nodes. With respect to the first 
of these causes, the variation would require to be enormous, in order 
that it might occasion so great a difference between the eclipses ; 
with respect to the second, he remarked that the duration of the eclipse 
varied even when the satellite was at the same distance from thenode. 
He concluded, thercfore, that the phenomenon must be ascribed to a 
change in the inclination of the orbit. In 1707 he found the inclination 
to be equal to 3°33’; whence it appeared to have increased nearlf a 
degree since the publication of Cassini’s tables. 

Bradley is the next astronomer whose researches contributed to throw 
light upon this interesting subject. In 171% he constructed tables of the 
satellites; but they were not given to the world until 1749, when they 
were published along with Halley's tables of the planets. In these tables 
the places of the satellites were given by Bradley, in degrees and minutes of 
space ; but there were appended to them ecliptic tables of the first satellite 
calculated in time by Pond, his uncle. He determined the mean motions 
with great accuracy, by means of a comparison between the observations of 
preceding astronomers and those made by himself at Wanstead, after 
Jupiter had completed four revolutions. We have seen that Cassini and 
Maraldi refused to admit the equation of light; Halley, in 1694, argued 
more philosophically on the subject; for he maintained the necessity of 
applying it to all the satellites. Bradley was the first who introduced this 
equation into the tables of their motions. He fixed it at the usually 
received value of 14™, adding a smaller equation of 34” to account for the 
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effect of Jupiter's eccentricity. ‘The maximum value which he assigned to 
the aberration of light would have given him 16™ 26* for the greater 
equation—a result which would have been much more conformable to 
observation than the quantity he actually employed. It is surprising that 
he should have overlooked the importance of his great discovery in furnish- 
ing an independent means of calculating this equation. 

The irregularities in the motions of the satellit@y wage the cause of 
much perplexity to Bradley. ‘The second satellite, especially, presented 
anomalies which could not be accounted for either by a circular or an 
elliptic orbit. Sometimes it deviated from its mean place to so great an ex- 
tent, and in so short a time, as to be incompatible with a small eccentricity ; 
while, on the contrary, other observations rendered it impossible that the 
orbit should differ much from a circle. He discovered that the three 
interior satellites passed through the irregularities of their motions in 437 
days; the errors returning at the close of this period in the same order 
and magnitude as before, He considered that about the middle of this 
period the inequality of the second satellite might amount to 30 or. 40 
minutes. He remarked that the period of the inequalities corresponded 
to that which brought back the satellites to the same position relatively 
to each other, and to the axis of Jupiter's shadow; and he hence 
inferred, with his usual sagacity, that the inequalities resulted from the 
mutual attraction of the satellites. “ While we carefully attend,” says he, 
“to future observations, by means of which the theory of the satellites may 
bo established, @ posteriori, let us hope that some rival of the great Newton, 
relying upon the sure and tried principle of gravitation, will achieve the 
noble task of investigating 2 priori the effects of their mutual attraction.” 
Bradicy retained the inclinations of the three interior satellites at 2° 55’, 
as fixed by Cassini; but he reduced that of the fourth to 2°40’. This 

_ was a happy alteration ; Delambro’s tables make it 2° 40/ 42” for the same 
epoch. He also discovered that the orbit of the fourth satellite is eccentric ; 
and he fixed the maximum value of the equation of the centre at 48™. 

Maaaldi II. devoted much of his time to researches on the satellites, and 
effected some very important improvements in the theory of their motions. 
Tn a memoir, which appeared in the volume of the Academy of Sciences 
for 1732, he proved that the inclination of the third satellite is variable ; 
and he also established the eccentricity of the fourth satellite. With 
respect to the first of these points, he found that the durations of the 
eclipses of the satellites had been continually diminishing ever since the 
year 1693. It was impossible to explain this constant diminution by an 
eceentricity in the orbit, since the effect of such a supposition would be to 
produce sometimes a diminution ; and at other times an increase in the 
duration of the eclipse. Nor would a motion of the nodes suffice for this 
purpose; for he shewed that the utmost change in their position which 
could possibly occur would not exceed 3°, and this would occasion a change 
of only 10° in thé duration of eclipses at the limits; whereas observa- 
tion shewed it to amount to 16 448%. Besides, upon this suppo- 
sition, the same variation ought to have manifested itself at the nodes as 
at the limits; but the duration of eclipses varied only to a very small 
extent when they happened in the former of these positions. The observ- 
ations, therefore, could only be reconciled together by admitting that the 
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inclination of th® orbit was continually increasing. He calculated the 
inclination for 1691 and 1727, and found it to be at the former of these 
epochs 8° 0’ 30”, at the latter, 8° 12’ 5”, Thus it appeared to have 
increased to the extent of 11’ 35” in the space of 36 years. 

Maraldi established, in an equally satisfactory manner, the eccentricity 
of the fourth satellite, and fixed the greatest equation of the centre at.55™, 
This was a mugh more accurate determination than Bradley's; Delambre’s 
tables make it 55" 28% At the conclusion of his memoir he intimates 
4 suspicion that the orbit of the first satellite was equally eccentric. The 
inequality in time would be eight or nine times less on account of the 
more rapid motion of the satellite ; bat, in fact, the suggestion of Maraldi 
ia altogether erroneous. Delambre, notwithstanding the vast extent of his 
researches, was unable to discover the slightest trace of ellipticity in the 
orbit of the first satellite; which may therefore be considered as offering, 
in this respect, a feature quite singular in the system of the world. 

The astronomers of France, influenced: by an undue admiration of 
Cassini, were long reluctant to introduce any change into the elements of 
the satellites as assigned by him in his tables. The elder Maraldi finally 
mustered sufficient courage to emancipate his judgment from this thraldom, 
by atmouncing thet the inclination of the second satellite is variable. 
Bradley advanced much further in his researches ; but, by a very absurd in- 
stance of negligence, his discoveries were not communicated to the world until 
thirty years after he was in possession of them, Meanwhile, Maraldi TI. 
contributed, by his lubours, to widen the breach his father had already made 
in the theory of Cassini; for he had just shewn that one of the orbits was 
eccentric, and that the inclination of anothcr was variable. Fontenelle 
makes some very judicious reflections in connexion with these salutary 
innovations. “All this,” says he, “ begins to verify what we announced, 
and in some sort predicted, in 1727, that the doctrine of concentric orbits, 
immoveable nodes, and constant inclinations, possibly might not exist in 
the theory of the satellites; they were not physical enough in their 
chargeter, nor did they present that kind of regularity which nature loves 
to follow. Already we see the constancy of the inclinations destroyed in 
the three first satellites, and the concentricity in the fourth. The immo- 
bility of the nodes still holds out; but it is very probable that in the end 
all will share the same fate.” 

‘The same feeling of excessive vencration of Cassini to which we have 
Just. alluded, as having, in some degree, retarded the theory of the 
satellites, also induced the successors, and especially the more immediate 
relatives of that astronomer, to refuse introducing into the tables of the 
satellites the equation depending on the successive propagation of light, 
Maraldi IL., in the outset of bis career, imitated the example of all the 
members of his family, by strenuously opposing the ingenious theory of 
Roemer. Bradley, however, having dispelled all doubts upon this ques- 
tion by his discovery of aberration, Maraldi no longer persevered in 
rejecting the equation of light; and, in a momoir published by him in 
1741, he shewed that it explained much of the irregularit y observable in 
the motion of the third satellite. 

In 1746 Wargentin, a Swedish astronomer, published tables of J upiter’s 
satellites, which far exceeded in accuracy any that had yet appeared. 
This meritorious individual devoted his whole life to researches on the 
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motions of these interesting bodies ; and the success which attended his 
labours affords an encouraging illustration of the valuable results which 
may be achieved by a mind, even although gifted with no extraordinary 
powers, when its whole energies are perseveringly directed to any specific 
object. Having collected togethar all the observations which could be con- 
sidered as worthy of any confidence, he instituted a careful comparison be- 
tween them; and in this manner he was led to form a nu@ber of empiric 
equations, which enabled him to represent the motions of the satellites with 
wonderful accuracy. He applied the equation of light to all the satellites ; 
but he judiciously profited by Bradley's discovery in fixing its maximum 
value at 16™ 25% instead of 14™, the quantity that had been originally 
suggested by the errors in the eclipses of the first satellite. The tables of 
the first satellite, constructed severally by Cassini and Pond, although they 
generally represented the times of eclipses with great precision, yet 
happened occasionally to be 6 or 7 minutes in error. Wargentin applied 
an equation of 8™ 40% with a period of 4874 19" 41, and by this means 
he reduced the error to 1™, The irregularities of the second satellite were 
much more considerable than those of the first, and had very much 
poplet astronomers. Wargentin almost entirely removed these anoma- 
ies by applying an equation of 164™ with a period equal to that of the 
equation of the first satellite. We have seen that Bradley had already 
detected these inequalities ; but, as his remarks were not published until 
1749, the merit of independent discovery cannot be withheld from the 
Swedish astronomer. : 

In 1759-there appeared, in J.alande’s astronomy, an improved edition of 
Wargentin’s tables of the satellites. The most important change was 
made in the tables of the third satellite. Maraldi had already suspected 
that the orbit was eccentric; but he did not attempt to estimate the 
équation of the centre. Wargentin, whose views were directed solely 
towards the perfection of the tables, attempted to satisfy the observed 
irregularities of the satellite by means of an empiric equation of 8™, the 
period of which he estimated at 12 years. In 1771 he published iy the 
Nautical Almanack a new edition of the tables of this satellite. Instead 
of the equation of 8™, which his tables of 1759 contained, he now employed 
three different equations. One of these was equal to 2™ 30°, and had 
a period of 4374 19 41™, similarly to the equations of the first and second 
satellites. The others amounted to 4" 80* and 2" 30s; the period of the 
greater equation being somewhat more than 12} years, and that of the 
smaller one being nearly 14 years. Speaking of the inequalities which 
formed the basis of these two equations, he says that, towards the close of 
the preceding century and the beginning of the current one, they both con- 
spired in the same direction, and formed one large inequality of 15 or 16 
minutes. Subsequently, in consequence of the difference of their periods, 
the one had been accclerating, while the other was retarding, the satellite ; 
until at length they almost destroyed each other, and it became possible to 
omit them altogether by merely adding 7™ to the epoch. He confesses 
that his hypothesis does not posesss the character of probability; but he 
considers that it may be admitted until experience should put astronomers 
in possession of a more accurate mode of reconciling ail the observations * 
He concludes with the remark, that, perhaps, the orbit might somehow 
have a variable eccentricity, and, in that case, that the two inequalities 
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might in reality be only one. He subsequently adopted this hypothesis as 
offering the best explanation of the phenomenon. 

In 1781 he wrote to Lalande, stating that recent observations induced him 
to suppose there was only one inequality, with a period of about thirteen 
years, This inequality amounted to 74™ between 1670 and 1720. From 
1720 to 1760 it had diminished to 2}™, and it had remained constant during 
the succeeding gwenty years *. ‘This was not a happy modification of the 
original idea of two independent equations. Lagrange and Laplace haye 
demonstrated, @ priori, the existence of two distinct equatiens of the 
centre, in the motion of this satellite, and this remarkable result of pure 
theory has been confirmed in the most satisfactory mamer by the 
Jaborious researches of Delambre. 

Very little progress had been made by astronomers in the researches 
relative to the nodes of the satellites. In 1758 Maraldi invested this 
subject with a lively interest by the communication of a memoir to the 
Academy of Sciences, in which he announced that the nodes of the fourth 
satellite had a direct motion upon the plane of Jupiter's orbit. Newton, 
by considering the action of the sun upon the satellite, had found the 
motion to be retrograde, as in the case of the moon’s nodes relative to 
the earth’s orbit. Wargentin concurred’ with Maraldi in supposing’ that 
the motion was direct, and he fixed its annual value at 4’ 15”. This 
unexpected fact seemed to be at variance with the theory of gravitation, 
for Newton and his followers had shewn that the mean effect of a 
disturbing force was to occasion a retrograde motion of the nodes on the 
plane of the disturbing body. Lalande, however, shewed that the motion 
of the nodes might be direct upon one plane and retrograde upon another, 
and upon this ground he contended that, unless the principal disturbing force 
passed through the plane of Jupiter's orbit, the motion would not be neces- 
sarily retrograde. Now, in the present case, the third satellite exercises a 
much more powerful influence on the motion of the nodes than the sun does, 
and the same is true of the ellipticity of Jupiter. However, as neither 
the plane in which the satellite revolves, nor the plane of the planet's 
equator, coincides with the plane of the planet's orbit, it followed that the 
direct motion of the nodes on the latter plane could not be considered as 
invalidating the theory of gravitation. 

The inclinations of the orbits presented great difficulties to astronomers, 
and formed the subject of much laborious research. We have seen that 
the elder Maraldi first discovered that the inclination of the second 
satellite is variable. Wargentin afterwards found that during fifteen 
years and a half the inclination continually increased, and that it then 
diminished by like degrees during other fifteen years and a half}. The 
whole period of variation was therefore equal to about thirty-one years. 
He fixed the extreme limits of the inclination at 8° 47’ and 1°18’. Sub- 
sequently he made the greatest inclination 3° 46’, and the least 2° 46’. 
In 1765 Maraldi published a memoir, in which he shewed that the 
inequalities in the duration of eclipses could not be explained by the 
periodic change of the inclination. Proceeding on the supposition that 
the nodes were fixed, he calculated the inclination for two eclipses, ob 
served in 1714 and 1715, and he found that, during the eleven months 
embraced between them, it had increased to the extent of 20’, or more 
than a fourth of the whole periodic variation. By a similar process he 
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found that, during thirteen months which elapsed between two eclipses, 
observed in 1750 and 1751, the inclination presented a diminution of 
18’ 20”, These great changes occurred in such brief intervals, that it 
was impossible they could hae proceeded from the periodic variation of 
the inclination. Maraldi finally discovered that the observations might 
be reconciled with the generally received theory of the inclination, by 
supposing the nodes to librate continually on each side of their mean place 
to the extent of 10° 18’ 48”, the period of libration being equal to that 
which restred the same values of the inclination, Having compared this 
hypothesis with observation, he was gratified to find that a remarkable 
accordance generally prevailed between the results derived from both 
sources. Among 127 eclipses which he calculated, the difference between 
the observed and computed durations did not exceed 2™, except in one 
instance ; and only 8 were found in which the difference exceeded 1™*, 

Bailly shewed that the libration of the nodes proceeded from their 
retrograde motion on the orbit of the first satellite, which was in this case 
the principal disturbing body. He also remarked that the inclination was 
constant with respect to the orbit of this satellite, and that it was variable 
with respect to Jupiter's orbit, in consequence of the retrograde motion of 
the nodes upon the former orbit. This explained the coincidence of the pe- 
riod of libration with that which restored the inclination to the same value, 

When we consider the complicated character of the phenomenon in- 
vestigated by Maraldi, his explanation of it must be regarded as one of tho 
most ingenious conceptions which mere observation has ever suggested to 
the astronomer, Laplace has employed this liration of the nodes as one 
of the data from which he derived the masses of the satellites, Wargentin 
published tables of the second satellite for the Nautical Almanack for 
1779; the most remarkable peculiarity of which was the libratory motion 
of the nodes, which he admits to have been first suggested by Maraldi, 

The period in which the inclination of the third satellite passed through 
all its values was much longer than the corresponding period of the second 
satellite. Maraldi had found that during the current century it had been 
continually increasing. In 1763 he fixed it at 3° 25” 4”. This indi- 
cated an increase of 22’ since the publication of Cassini’s tables. In 1769 
he discovered that the inclination was only 3° 23’ 83”, Pursuing his 
researches, he found that the inclination reached its maximum in the years 
1633 and 1765, and its minimum in 1699. Hence it followed that the incli- 
nation increased during 66 years, and then diminished during an equal 
space of time ; the whole variation being consequently comprised within a 
period of 152 years. Maraldi also fixed the mean place of the nodes in 
108 13° 52%, and estimated the extent of libration at 1° 32/ 24” 4. 

The inclination of the fourth satellite had long been considered in- 
variable. We have secn that Bradloy estimated it at 2° 42’. Wargentin, 
in 1750, made it 2° 89’, and Maraldi. in 1758, made it 2° 36’. In 1781 
Wargentin concluded from his researches that during a few preceding 
years the inclination had been slowly increasing. This opinion has been 
confirmed by the observations of subsequent astronomers, who have found 
that the increase of inclination has been going on down to the present day. 

Bailly, before becoming acquainted with the researches of Wargentin, 
made the following sagacious remark upon this subject in his History of 
Astronomy—* The inclination of the fourth satellite has not hitherto 
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appeared to vary sensibly ; but it will vary, for everything in the universe 
is subject to fixed laws; and the same circumstances always reproduce the 
same phenomena. We perceive mercly that the period of the inclination 
must be very long and must extend to seve centuries.”* 

This prediction has been verified by the physical researches of Laplace, 
who has found that the nodes have an annual retrograde motion of 
4’ 32” upon a fixed plane, accomplishing a complete revolution in 532 
years. It is this revolution of the nodes which occasions a variation of an 
equal period in the inclination of the satellite. : 


CHAPTER VIII. 


Physical Theory of the Satellites. —Newton.—Euler.— Walmsley.— Bailly computes the 
Perturbations of the Satellites. Researches of Lagrange.—He obtains for each Satellite 
four Equations of the Centre and four Equations of Latitude.—His mode of repre- 
senting the Positions of the Orbits.—Inutility of his Theory in the Construction of 
Tables.—Lapiace,—His Explanation of the constant Relations between the Epochs 
and Mean Motions of the three interior Satellites —He completes the Physical Theory 

” of the Satellites.—Delambre.—He calculates Tables on the Basis of Laplace's Theory. 
—He determines the Maximum Value of Aberration by means of the Eclipses of the 
first Satellite—Agreement of his Result with Bradley’s—Conclusions derivable from it, 


Arrex much laborious observation and research, the theory of the 
satellites was now sufficiently matared to form the basis of an explanation 
of their motions by the principle of umiversal gravitation, It is worthy of 
remark, that this is the order in which the various branches of astronomy 
have advanced towards their present high state of perfection. The 
phenomena were first observed, and all the details relating to them 
carefully recorded. They were then submitted to a critical discussion, 
and, by a sagacious discrimination of their several peculiarities, they were 
grouped together under general laws. Finally these laws, although at first 
merely empiric, served the valuable purpose of suggesting the physical 
principles on which they depended ; and when once this dependance was 
fully established, they henceforward assumed the more elevated character 
of laws of nature. This order of inquiry is especially manifest in the 
history of the lunar theory. A similar course has also been strongly 
recommended in our own day for the purpose of extending our knowledge 
of the Tides; and, indeed, it may be considered as offering the only means 
of ever conducting philosophers to a complete theory of that subject 
founded upon rigorous principles of geometry and physics. 

Tf we only considered the disturbing action of the sun upon the satellites, 
the derangements in their motions would be in all respects analogous to 
.those in the motion of the moon; and the analysis employed in the lunar 
theory would suffice for their complete investigation. In the present case, 
however, the problem is much more complicated. Each satellite is 
disturbed, nét only by the sun, but by the other three satellites in course 
of every synodic revolution round the central body. Nor ave these the 
only sources of complication. If Jupiter were a perfect sphere, his attraction 
would be the same, both in quantity and direction, as if his whole mass were 
eollected at his centre; and the question relative to his action upon each 
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satellite would Le reduced to the simple consideration of a material particle 
attracting the body at that point. ‘This, however, is not the real case of 
nature ; for observation shews that the figure of the planet is that of an 
oblate spheroid, whose axes @e to each other nearly as 18 to 14, This 
circumstance causes the law of his attraction to deviate from the inverse 
square of the distance, and hence originates a disturbing force which 
powerfully deranges the motions of the satellites. 

Newton, in the third book of the Principia, considers the disturbing 
action of the sun upon Jupiter's satellites, and attempts to determine the 
inequalities of their motions by the principles of the lunar theory. In this 
manner he found that the nodes of the fourth satellite had a retrograde 
motion upon the plane of Jupiter's orbit, the annual quantity of which 
amounted to 5’, We have seen that this result was subsequently contra- 
dicted by observation ; the actual motion having been discovered by 
astronomers to be direct. The phenomenon in question does not, in fact, . 
depend so much upon the sun as upon the third satellite and the ellipticity 
of Jupiter; causes of disturbance which were not taken into account by 
Newton, 

Euler, in 1748, first remarked that the spheroidal figure of Jupiter 
would occasion an irregularity in the law of his attraction}. Walmsley, in 
1758 {, shewed that the disturbance hence avising would produce a motion 
of the nodes and apsides of each satellite. In 1763 Euler communicated a 
momoir to the Academy of Berlin, in which he examined the perturbations 
of a satellite revolving round a planct of a spheroidal figure. He shewed 
that when the satellite evolved in the plane of the planet's equator the 
action of the protuberant matter generally occasioned a progressive motion 
of the apsides. As the orbit of th® satellite became more inclined to this 
plane, the motion of the apsides continually diminished, and it ceased 
altogether when the angle of inclination was equal to 54° 44’, From this 
position the motion of the apsides was regressive, and it continued to 
increase until the orbit of the satellite was perpendicular to the plane of 
the equator. 

Bailly §, about the same time, employed Clairaut’s theory of the moon 
in researches on the perturbations of the satellites. He discovered, by a 
simple analysis, that the mutual attraction of the three interior satellites 
occasioned those inequalities in their motions .which produced a regular 
return of their eclipses at the end of 437 days. We have seen that 
Bradley was the first astronomer who threw out a suspicion of this fact. 
‘These inequalities are precisely analogous to the lunar variation, the only 
difference being, that the disturbing body is in each case one of the satel- 
lites themselves, and not the sun, In the theory of the first satellite 
the principal disturbing body is the second, for the exterior: satellites are 
too remote to exercise any seusible influence, and the effect of Jupiter's 
ellipticity is equally inappreciable, because the orbit of the satellite is 
situated in the plane of his equator, and at the same time does not pos-. 
sess any eccentricity. It is clear, then, that by comparing the coefficient 
of the equation furnished by theory with the magnitude of the inequality, 


» Principia, lib. iii, prop. 23. Newton, in the same proposition, makes the in- 
equality of the fourth satellite depending on the disturbing action of the sun, and, similar 
to the tunar variations, equal to 5” 2“. 

+ Recherches des Inégatités de Jupiter et de Saturne. Prix de l’Académie, tome vii. 

$ Phil, Traus., 1758. . 

§ Bora at Paris in 17365 perished by the guitflotine in 1793. 





HISTORY OF PHYSIGAL ASTRONOMY. 89 


as assigned by observation, the mass of the second satellite may be readily 
determined. In this manner Bailly found it to be equal to 0.0000211, 
Jupiter's mass being supposed equal to unity. This was a tolerable ap- 
proximation to the true value. Laplace makts the mass equal to 0.0060282. 

‘The inequality of the second satellite is essentially a more complex 
phenomenon than that of the first, for it depends on the combined action 
of the first and thigd satellites. In form, however, the two inequalities 
are precisely similar, the effects of the disturbing bodies in the theory of 
the second satellite being blended together so as to form one great inequa- 
lity, governed by the same law, and extending over the same period as 
the inequality of the first satellite. This singular coincidence derives its 
origin from two remarkable relations, connecting together the mean lon- 
gitudes and mean motions of the three interior satellites. Bailly found 
that the equation of sensible magnitude, depending on the action of the 
first satellite, is expressed by the sine of the difference between the mean 
longitudes of the first and second, and that the equation of a similar 
nature, depending on the action of the third satellite, is expressed by the 
sine of twice the difference between the mean longitudes of the third 
and second*, Now, observation shewed that these two arcs differed 
from.'180° ‘by only 2 very small quantity. Wargentin’s tables, in fact, 
suppose the difference to be equal only to 30’ at the commencement 
of the year 1760. The ares being therefore nearly su plementary to 
each other, it followed that their sines were equal, aad hence Bailly 
was enabled to combine the two cquations together, by merely adding 
.their coefficients and retaining cither of the arguments. It is in con- 
sequence of this union of the effects of the two disturbing satellites that, 
the inequality of the sccond satellite*exceeds so much the analogous in- 
equalities in longitude of the first and third. 

The derangements produced by the two disturbing satellites being thus 
confounded together, it was impossible to pronounce how much of the 
resulting inequality was due to each satellite; and hence, in order to de- 
termine the masses of those bodies, another independent datum, derived 
from observation, was indispensable. Bailly selected for this purpose the 
motion of the nodes of the second satellite. This phenomenon depends 
on the action of the first and third satellites, and also upon the disturb- 
ance occasioned by the oblate figure of Jupiter. Having formed an inge- 
nious supposition respecting the density of the planet, Bailly computed 
the effect of his oblateness in disturbing the place of the nodes, and then, 
subducting the re€ult from the observed motion, he obtained the quantity 
due to. the action of the two satellites. Combining this datum with the 
one assigned hy the inequality in longitude, he determined the masses of 

* In both cases there are terms depending on the two argumenis mentioned in the 
text, but, when the first satellite is the disturbing body, the term having for its argument 
the difference between the mean longitudes greatly exceeds all the others; and, on the 
other hand, when the third satellite is the disturbing body, the most considerable term, is 

“that depending on twice the difference between the mean longitudes. The predominance 
of these terms arises from the fact, that twice the mean motion of the second satellite is 
very nearly equal to the mean motion of the @rst, and twice the mean motion of the 
third satellite is very nearly equal to the mean motion of the second. The circumstance 
is, indeed, exactly similar to that which gives rise to the long inequality in the theory of 
Jupiter and Saturn, or to the analogous inequality in the theory of the Harth and Venus, 
The inequalities of the satellites differ, however, from these Just cited, in being inde~ 
pendent of the eccentricities. Their investigation will be found in Woodhouse's Physical 
“Astronomy, chapter xx. For the more intricate parts of the theory of the satellites, see the 
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the disturbing satellites; but the results he obtained in this instance 
were by no means so accurate as his estimation of the mass of the second 
satellite. 2 

While Bailly was engaged in these researches, the Academy of Sei- 
ences offered their prize of 1766 for an investigation of the inequalities 
of the satellites. The successful competitor was Lagrange, who trans- 
mitted to the Academy a magnificent memoir on the subject. This illus- 
trious geometer grappled with the real difficulties of the problem, which 
it must be acknowledged that Bailly left untouched. When the orbits of 
the satellites are supposed to be circular, and their planes to be all coin- 
eident, the effects of their mutual attraction may be computed in any in- 
stance by considering in succession the action of each body upon the dis- 
turbed satellite. For this purpose the method of approximation employed 
in the lunar theory is amply sufficient, and by means of it the inequalities, 
independent of the eccentricities and inclinations, may be easily caleu- 
lated.. But when the actual conditions of the orbits are taken into ac- . 
count, the mutual perturbations of the satellites become so entangled 
together as to render the,ordinary method of integration totally inappli- 
cable, and it becomes absolutely necessary to devise some adequate means 
of surmounting the difficultics of the problem. This important step was 
accomplished by Lagrange, who investigated the inequalities of each 
satellite by a method which embraced the simultaneous actions of the 
sun and the other three satellites, as well as the disturbance arising from 
thesoblate tigure of Jupiter. This comprehensive mode offtreating the sub- 
ject: entailed upon him an extent of analytical research which, to use 
Delambre's words*, it is somewhat,frightful to contemplate. Neglecting 
first. the eccentricities and inclinations, he found for each of the three 
interior satellites an inequality in longitude of 487 days, corresponding 
to the inequality which Bradley and Wargentin originally derived from 
observation. We have already mentioned that Bailly succeeded in com- 
puting these inequalities by the aid of Clairant’s theory. Lagrange also 
calculated the value of the analogous inequality of the fourth satellite, but 
he found it to be insensible, Delambre’s tables, in fact; make it only 11%. 

Considering next the inequalities dependent on the eccentricities, he 
obtained four equations of the centre for each satellite. Ono of these 
depended on the satellite's own eccentricity, the other three were the 
reflected effects of the eccentricities of the disturbing satellites. He did not 
determine the maximum values of these equations, nor dd he perceive the 
analogy between those of the third satellite and the two equations of the 
centre, which Wargentin deduced from observation. This is only one of 
a number of instances in which this great genius failed to derive any 
substantial results from his brilliant researches. : 

Finally, he investigated the effects of the disturbing forces perpendicu- 
lar to the planes of the orbits, and obtained for each satellite four equations 
of latitude similar to the four equations of the centre, to which his re- 
searches on the motion in longitude conducted him. He represented the 
position of the orbit of each sat@lite by means of four planes passing 
through the centre of Jupiter. ‘The first of these revolved upon the orbit 
of the planet with a constant inclination; the second revolvéd in a similar 
manner upon the first; the third upon the second; and finally the fourth, 





* «Une analyse nouvelle, puissante, et dont les développemens ont quelque chose 
@effrayant.” Astronomic Théorique et Pratique, tome iii. p. 498. 
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which was the orbit of the satellite, revolved with a constant inclination 
upon the third. 

Lagrange did not prosecute his researches to the full extent of his de- 
sign : he concluded by announcing his intention of resuming the subject 
on some future occasion. He did not, however, at any period of his life, 
realize this promise; it was reserved for Laplace to establish a complete 
theory of the satellites by developing the views of his great rival, and en- 
riching them with several valuable discoveries of his own. An important 
mistake was committed by Lagrange, in assuming that the plane of Jupi- 
ter’s equator coincided with the plane of his orbit. He was aware that 
the two planes did not exactly coincide, but he conceived that the angle 
of inclination was so small that the disturbing effect would be insensible. 
Laplace, however, has shewu that some of the most remarkable pheno- 
mena connected with the motions of the satellites derive their existence 
from this circumstance. 

The researches of Lagrange did not in any degree contribute to the 
perfection of the tables of the satellites; but; as wo have already men- 
tioned, they afforded some valuable hints to his illustrious contemporary. 
Juat before he communicated his memoir to the Academy, Bailly published 
his researches in a treatise entitled “ Essai sur la Théorie des Satellites 
de Jupiter.” _ He, with good reason, suspected that Lagrange might an- 
ticipate him in his discoveries, and he took the precaution of securing his 
own rights by atimely publication of his labours, 

In 1784 Taiffco communicated a memoir to the Academy of Sciences, 
in which he explained the physical origin of two remarkable relations 
which connect the three interior satellites. Astronomers had discovered 
from observation that the mean iuotion of the first satellite was nearly 
double that of the second, and that the mean motion of the second satel- 
lite was nearly double that of the third. It hence followed that the mean 
motion of the first satellite, plus twice that of the third, was nearly equal 
to three times that of the second. Another relation no less interesting 
was the following:—the mean longitude of the first satellite, plus twice 
the mean longitude of the third. minus three times the mean longitude of 
the second, was always nearly equal to 180°. This is a direct conso- 
quence of the relation between the mean longitudes to which we have 
already referred, when speaking of the inequality in longitude of the 
second satellite. 

If the precedigg relations hetween the mean motions and mean lon- 
gitudes were rigorous, it would follow as a necessary consequence that the 
three satellites could never he eclipsed at once, Now, it was found that 
the tabular values of the clements in question very nearly satisfied this 
condition. -Thus, hy employing the longitudes and mean motions of War- 
gentin, and setting out from the epoch of his tables, it has been calcu 
lated that simultaneous eclipses of the three satellites cannot take place 

«before the lapse of 1,817,900 years*, and a difference of only a third of 
1” in the annual motion of the second satellite would suffice to render 
this phenomenon for ever impossible. . é 

Laplace suspected that both relations were rigorous, and that the small 

* differences which appeared to exist were really attributable tqgerrors of 
observation. He therefore instituted a searching examination into the 
theory of the satellites, in hopes of discovering the source of these singular 
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relations, in the mutual attraction of the bodies. In this scrutiny he 
was not disappointed, having found their physical origin among the 
terms involving the squares of the disturbing forces. It appeared, then, 
from his researches, 1°, that the mean motion of the first satellite, plus 
twice the mean motion of the third, minus three times the mean motion 
of the second, is rigorously equal to zero; 2°, that the mean longitude 
of the first satellite, plus twice the mean longitude of the third, minus 
three times the mean longitude of the second, is equal to 180°. 
Delambre’s researches afforded a most satisfactory confirmation of these 
results. By comparing together a vast number of eclipses, that astronomer 
found that the relation between the mean motions differed from zero 
by only 9”,007, and that at midnight, on January Ist, 1750, the relation 
between the mean longitudes differed from 180° by only 13”. It is not 
necessary to suppose that, at the origin of their movements, the satellites 
were so disposed as to satisfy accurately the above-mentioned relations 
between the epochs and mean motions. Laplace shewed that, provided 
the relations were true within certain limits, the mutual attraction of the 
satellites would subsequently render them rigorous *. In this case, the 
mean longitude of the first satellite, plus twice the mean longitude of the 
third, minus three times the mean longitude of the second, would oscillate 
round 180? as a mean yalue. The three satellites participate in this 
oscillation ; each satellite being affected to an extent depending on its 
mass, and its distance from Jupiter's centre. ‘This phenomenon, in virtue 
of which the three bodies appear to balance each oth@by their move- 
ments, has been denominated by Laplace the libration of the satellites. 
The period of libration is the same for each satellite, and is equal to 22704 
18" or a little move than six years. Its extent, and the time when 
it is equal to zero, are two elements which can only be determined by 
observation. Delambre was unable to discover any traces of a libratory 
motion of this kind, notwithstanding the vast number of eclipses which 
he examined in the course of his researches for the purpose of determining 
the elements of Laplace’s theory, It is clear, then, that if such a pheno- 
menon does actually exist, it must be altogether insignificant; . and 
. therefore we may conclude that the above relation between the mean 
longitudes does not at any time differ seusibly from 180°. 

As far then as observation indicates, the above-mentioned relations are 
rigorously true. In this case Laplace's researches tend to shew that they 
are also in a state of stable equilibrium, any disturbing force, which does 
not exceed a certain limit, merely occasioning oscillaffons of the mean 
motions and epochs on each side of a mean state. This condition of 
stability will for ever prevent the inequality of the second satellite from 
being resolved into its constituent inequalities depending on the action of 
the first and third satellites, as ix evident from our explanation of the 


* It has been frequently asserted in favour of the actual existence of these librations, 
that it is extremely improbable the relations between the epochs and mean motions should 
have been, at the origin, rigorously true. This argument might be admitted, if the 
arrangements of the planetary system were the result of a fortuitous combination of 
circumstances ; but since there exist so unequivocal manifestations of a Supreme Intelli- 
gence prosgbog over them, it savours much less of sound philosophy than of impious * 

* présumptiof’ The mathematician, in his chamber, may modify, ad 4ibitum, the arbitrary 
constants of his problems so long as he confines his speculations to ideal existences; but 
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cireumstances which determine the complete union of those inequalities. 
If the disturbing force should exceed the prescribed limits of stability, a li- 
bratory motion would cease to take place, and the two inequalities of the 
second satellite would then separate, and would henceforward continue 
quite distinct. . . 

The permanent character of the relations discovered by Laplace is one 
of their most striking peculiarities. They are not altered by any secular 
inequalities in the mean motions, for these will be so determined by the 
mutual attraction of the satellites, that the secular inequality of the first 
satellite, plus twice that of the third, minus three times that of the 
second, shall be always equal to zevo. They are equally independent of 
the effects of a re: isting medium, for the accelerations of the satellites, 
while descending towards the planet, will always maintain the same 
relation as that which connects the mean motions. Laplace shewed that 
the libration extended to the rotatory motions of the satellites*. The 
attraction of Jupiter, in fact, causes these movements to participate in the 
secular inequalities of the mean motions, and consequently maintains 
them always, so that the rotatory motion of the first satellite, plus twice 
that of the third, minus three times that of the second, is equal to zero. 

‘We have already mentioned it to be a necessary consequence of the 
relations between the epochs and mean motions, that the three interior 
satellites of Jupiter can never.be eclipsed at once. In simultaneous 
eclipses of the second and third the first is always in conjunction with 
Jupiter ; it is alfays in opposition in simultaneous transits of the other two. 

Although no libration is perceptible in the satellites, their stability is 
liable to be disturbed by an extraneous cause acting unequally upon them ; 
as, for example, by the passage of a comet in their neighbourhood, If the 
disturbing force was small, it would merely occasion a libratory motion 
similar to that already described ; on the other hand, if it exceeded the 
prescribed limit of stability, it would permanently alter the mean motions 
and mean longitudes of the satellites. In either case, then, the presence of 
the force would be discoverable by means of its observed effects. It is re- 
markable, however, that, although the comet of 1767 and 1779 passed 
through the middle of Jupiter's system, no derangement was observed to 
ensue in consequence; and this fact affords conclusive proof that the 
masses of comets are very small. 

Tn 1788 and 1789 Laplace published an elaborate theory of the 
satellites in the volumes of the Academy of Sciences for those years. 
By means of a comprehensive analysis, which embraced all the causes 
of perturbation, he computed the inequalities of the satellites, both 
in longitude and latitude, and obtained results which proved of in- 
calculable service to the practical astronomer. From the perturbations 
in longitude he derived four equations of the centre, after the example of 
Lagrange, who had been conducted to a similar conclusion by his researches 

sin 1766, The orbit of the first satellite being, according to all appearance, 
perfectly circular, and the orbits of the second and third being nearly so, 
the three equations of the centre depending upon the disturbing satellites 
ure generally insensible, with the exception of the one in the third satellite 


* Tn 1713 Maraldi I. concluded, from the periodic appearance of certain spots on the @ 
“as el aca ca ic Rg th at dic appea 





94 HISTORY OF PHYSICAL ASTRONOMY. 


depending upon the action of the fourth, the orbit of which is considerably 
eccentric. The combination of this equation with the satellite’s own equation 
of the centre gives rise to a single equation of variable magnitude, which im- 
parts a somewhat complicated character to the motion of the satellite, and 
renders it difficult to trace the respective sources of cach inequality by the 
aid of mere observation. Laplace found from theory that the lower apsides 
of the two satellites coincided in the year 1682; and, in consequence, the two 
equations combined together into one equation equal to their sum, and 
amounting to 796.411 of space. In 1777 the lower apsis of the third 
satellite had advanced 180° before that of the fourth, and the resulting equa- 
tion was equal only to the difference of the two elementary equations. In this 
position it therefore only amounted to 807”.651. These results are exactly 
conformable to those which we have seen that Wargentin and other 
astronomers had previously derived from observation, In his researches on 
the perturbations in latitude, Laplace gave a strong proof of his sagacity by 
taking into account the effect of the inclination of Jupiter's equator to his 
orbit, We have already remarked that this important element of disturb- 
ance was entirely omitted by Lagrange. 

The general tendency of Jupiter's ellipticity is to draw the satellites into 
the plane of his equator. This is clearly seen in the actual positions of 
the orbits, which in each case deviate to a greater extent from the plane of. 
the equator, according as the satellite is more remote from its primary. 
The inclinations of the orbits had occasioned much trouble to astronomers, 
chiefly in consequence of the difficulty of finding a plane of reference with 
which they might be connected by fixed relations. Laplace discovered that 
the orbit of each satellite revolved with @ constant inclination upon a fixed 
plane contained between the planes of Jupiter's equator and orbit, and passing 
through their common intersection. If there had been no other disturbing 
body than the sun, the fixed plane of each satellite would have been the plane 
of Jupiter's orbit ; also, if the protuberant matter around Jupiter's equator 
alone disturbed the satellite, the fixed plane would have coincided with the 
plane of his equator; and a simil: ult would follow if any of the other 
three satellites were the sole disturbing body. It is clear, then, that the 
actual position of the tixed plane will in each case be determined by a 
reference to the opposing tendencies of the five disturbing forces, and it 
will manifestly hold an intermediate place between the planes of Jupiter's 
orbit and equator, which are the two extreme planes in which these 
disturbing forces act. This conclusion agrees with what we have mentioned 
above, relative to Laplace's determination of these plancs. The fixed 
plane of each satellite might, therefore, be considered as the resultant 
plane of the disturbing forces; and the motion of the nodes upon it was 
accordingly found by Laplace to be retrograde, conformably with the 
general effect of a disturbing force acting continually in the plane. This 
result offered a satisfactory explanation of the curious movements of the 
nodes on the plane of Jupiter's orbit; phenomena which, when first recog- _ 
nised by astronomers, appeared to be irreconcileable with the principles of 
the Newtonian theory, in consequence of the plane of Jupiter's orbit 
having been erroneously assumed to be the plane of the disturbing force. 

‘The disturbing force which exercises most infft@nce in determining the 
positions of the fixed planes, is that arising from the ellipticity of Jupiter ; 
and this-force is obviously more effective relatively to the sun’s actidn, 
according as the satellite is more remote from its primary. The inclina- 
tion of Jupiter's equator to his orbit is 3° 5’; but the inclinations of the 
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fixed planes of the satellites towards Jupiter's equator, counting from the 
first satellite, are only 7”, 1’ 3”, 5/2”, 24’ 33”, 

As tHe nodes of the satellites all regress upon their fixed planes, the 
mutual positions of the orbits will be continually varying; and this cir- 
eumstance, by occasioning a continual alteratfon of the mutual action of 
the satellites, will disturb the absolute positions of the orbits. Laplace 
expressed the latitude of each satellite, relative to the plane of Jupiter's 
orbit, by means of five terms. The first of these depended on the position 
of the fixed plane, with respect to the planet's orbit; the second, on the 

‘inclination of the satellite towards its fixed plane; the other three were 
determined by the positions of the nodes of the disturbing satellites on 
their fixed planes *. 

The analytical expression which Laplace obtained for the latitude 
enabled him to explain the singular changes which astronomers had 
remarked in the inclination of the fourth satellite. From 1680 tili 1760, 
the inclination appeared to have been stationary and equal to about 2°.4; 
since 1760 it had beenesensibly increasing. Now, Laplace found from 
theory, that in 1680 the inclination was equal to 2°.476; in 1620 it 
amounted to 2°.448, and in 1760 to 2°.441. It reached its minimum 
in 1756. Since that epoch it had been constantly increasing; when 
computed for 1800, by Laplaceg formula, it is found to amount to 2°.579k 
“Tt is curious,” says Laplace, “ to see thus emanating from analysis those 
singular phenomena which observation has partially disclosed ; but which, 
resulting from the combination of many simple inequalities, are too com- 
plicated to allow the discovery of their laws by astronomers.”} 

Since the motion of each satellite is determined by three differential 
equations of the second order, the motions of the four satellites will be 
determined by twelve such differential equations. The integration of these 
equations will, therefore, involve twenty-four arbitrary constants; the 
values of which must be derived from observation. Besides these twenty- 
four constants, there are seven others which it is necessary to determine 
before tables of the satellites can be constructed upon the basis of their 
physical theory. These are—thc masses of the four satellites; the 
ellipticity of Jupiter ; the inclination of his equator to his orbit; and the 
position of the nodes of his equator. Five phenomena were selected by 
Laplace as best adapted for assigning the masses of the satellites and the 
ellipticity of their primury. The first of these was the inequality in 
longitude of the first satellite, extending over the period of 487.6594, 
which restores the eclipses of the three interior satellites in the same 
order. As this inequality depends on the action of the second satellite, it 
gave him the mass of that body with great accuracy. The similar ine- 
quality of the second satellite depends upon the combined actions of the 
first and third satellites ; it was the second datum employed by Laplace in 
these researches. The third datum was the motion of the nodes of the 
same satellite; a phenomenon which depends upon the action of the first 
and third satellites, and upon the disturbing influence of Jupiter's ellip- 

* The fixed planes of the satellites are not absolutely immovyeable,since their positions 
are determined by those of Jupiter's orbit and equator, both of which are continually 
varying; the former from the action of the planets upon Jupiter, the latter from the 
action of the sun and the satellites upon the redundant matter accumulated round-his 
equator, Laplace took into account the effects of both these changes in computing the 
latitudes of the satellites. 

An interesting account of the perturbations of Jupiter's satellites will be found in Airy’s 
‘Treatise on Gravitation. 

+ Méc, Cel., tome iy., Pref. p. xiy, 
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ticity. The fourth datum was the equation of the centre of the third 
satellite, depending on the position of the perijove of the fourth. ‘The 
fifth was the motion of the apsides of the fourth satellite. 

By comparing these data with his analytical formule, Laplace determined 
the masses of the satellites and the ratio between the equatorial and polar 
axes of their primary. It appeared from his results that the third satellite 
contained the greatest quantity of matter, and the first satellite the least *, 
The mass of the third satellite was found to be about double the moon’s 
mass, and that of the fourth satellite was equal to it. By assuming the 
equatorial axis of Jupiter to be equal to unity, he found that the polar axis 
was equal to .9286. It hence followed that the lengths of the polar and 
equatorial axes were very nearly as 13 to 14; a result which almost 
coincides with that derived from micrometric measurements of the two 
axes. Laplace, indeed, considers that in this case theory conducts to a 
more accurate result than direct observation. It is assuredly one of the 
greatest triumphs that the human mind can boast of, to have been enabled 
to determine the precise shape of the planet, by merely observing the 
eclipses of the small bodies which cireulate round him. 

Delambre determined the thirty-one elements of Laplace's theory by 
comparing together a vast number of eclipses observed by astronomers at 
different periods. Having executed this important task,,he then com- 
puted the numerical values of all the equations, and employed them in the 
construction of ecliptic tables of the satellites. These tables were in- 
serted in tho third edition of Lalande's Astronomy, which was published 
in the year 1792, and were found to surpass gifeatly in accuracy the tables 
of Wargentin, and those of all preceding astronomers. 

The eclipses of the first satellite originally led to the discovery of the 
successive picmeon of light, and this important doctrine was afterwards 
established upon an indisputable basis by Bradley's discovery of aberra- 
tion. Laplace, however, conceived that the order of the inquiry might be 
inverted, by deriving the maximum value of aberration from the velocity 
of light, as indicated by the eclipses of the satellite. Having suggested 
this view of the question to Delambre, that indefatigable astronomer 
undertook the laborious task of computing the velocity of light by the 
‘discussion of a great number of eclipses; and from the result obtained by 
him, he concluded that the maximum value of aberration is equal to 
20”.25. This value agrees precisely with that which Bradley derived 
from direct observations on a great number of stars. It is interesting to 
trace so closé an agreement between two methods so widely different. This 
coincidence shews that the motion of light is uniform within the earth's 
orbit, for the aberration is derived, in the one case from the velocity of 
light in the carth’s orbit, and, in the other case, from the time which it 
takes in traversing the diameter of the orbit. Its motion is also uniform 
within the orbit of Jupiter, for the variations of the radius vector of the 
planet are very sensible, and the differences in the times of eclipses which 
these occasion are found to correspond exactly with the supposition of the 
uniform motion of light. 2 


* The following are the values of the masses of the satellites as given by Laplace in the 
Mécanique Céleste, liv. viii. chap. viii., Jupiter's mass being supposed equal to unity. 
Mass. 
Ist sateHite 0.0000173281 
2nd, ~ — 0.0000232855 
3rd »  0.0000884972 
4th »  0.0000426591 
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CHAPTER IX. 





Secular Variations of the Plahets.—Elements of the Terrestrial Orbit.—Variations of the 
Eccentricity.—Motion of the Aphelion.— Obliquity of the Ecliptic.—Its secular Varia- 
tion computed by Theory.—Euler.— Lagrange. — Laplace. — Influence of the displace- 
ment of the Ecliptic on the length of the tropical Year.— Indirect Action of the Planets 
on the terrestrial Spheroid.—Its effect in restricting the Variations of the Obliquity of the 
Ecliptic and the length of the tropicat Year.—Invariable Plane of the Planetary Sys- 
tem.—Theory of Comets.— Hevelius.—Borelli.—Dirfel.— Subjection of the Motions 
of Comets to the theory of Gravitation by Newton.— Halley. —Clairaut—Researchese 
of Lagrange on Cometary Perturbation.—Lexell’s Comet.—Its Perturbations investi- 

“gated by Laplace.—-Publication of the Mécanique Céleste.—-General Reflections on 
the Progress of Physical Astronomy, 


Tne theory of the secular variations of the elements of the planetary 
orbits forms one of the most interesting subjects of physical astronomy, 
The actual existence of some of these variations was long a disputed point 
with astronomers; but they have been established beyond all doubt in 
recent times by the accuracy of modern observations., ‘The secular yaria- 
tions of the terrestrial orbit have naturally excited a more lively interest 
than the others of the same class, on account of their connexion with the 
physical condition of the earth. The investigation relative to the eccen- 
tricity is manifestly an objcet of the highest importance, since the indefinite 
increase of that clement, at however slow a rate, would ultimately occasion 
such violent alternations of heat and cold at the earth's surface, in the course 
of every year, as utterly to destroy the existing economy of animal and 
vegetable life. The sublime researches of Lagrange have shewn, however, 
that such a condition cannot possibly ensue ; for the terrestrial eccentricity 
will always be maintained by the action of the planets within certain 
narrow limits between which it will perpetually oscillate. At present it is 
diminishing at the rate of 18” in a century. An immense mimber of ages 
will elapse before it reach its minimum state; but, when this takes place, 
it will then pursue a contrary order of variation, increasing at the same 
slow rate as that at which it had previously diminished. We have seen 
that the variation of this element forms the medium through which the 
action of the planets is propagated to the moon; occasioning thereby the 
secular.inequality in the mean motion of that body, which was so long the 
cause of embarrassment to mathematicians and astronomers, until its 
physical origin was at length discovered by Laplace. 

‘Ehe motion of the carth’s aphelion was first discovered by the celebrated 
Arabian astronomer, Al Batani. As in the case of the lunar apogee, it 
advances in the order of the signs, though at a much slower rate. Its 
annual motion is estimated at 11” or 12”. ‘The variation of this element 
is interesting on account of the clear evidence it affords of the disturbing 
action of the planets on the earth; but it obviously cannot exercise any 
influence on the physical condition of the latter. z 

But the question is very different when we consider the position of the 
earth's orbit. A variation of this kind, by altering the obliquity of the 
ecliptic, would manifestly affect the temperature and climate of the earth 
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it was constantly diminishing. The earliest measurement of it, if we 
exclude the records of Fastern nations, is due to Eratosthenes, who 
flourished about the year 270 a.c. This astronomer found the angle 
between the tropics to amount to 47° 42’ 27”, whence the obliquity of the 
ecliptic was equal to 28°51/13”. Al Batani, in the ninth century, fixed it 
at 23°35’, Waltherus, the German astronomer, made it 28° 29’ 47” about 
the close of the fifteenth century; and Tycho Brahé made it 25° 29’ 
about the year 1581. Hiccioli, Gassendi, and Flamstead maintained that 
tho obliquity was invariable, ascribing the discordances of astronomers 
wholly to errors of observation. On the other hand, Bouillaud and 
Wendelin contended that it was continually diminishing; and this opinion 
was urged with great ability by Louville, in the Memoirs of the Academ 
of Sciences for 1716. About the middle of the last century, Bradley, 
Lacaille, and Mayer found the obliquity to be 28° 28’ 18”, and in 1800, 
Delambre, Mechain, and Lefrancius made it 28° 28’. Thus it appears 
that, although the earlier observations are.not entitled to much confidence 
when considered by themselves, the aggregate of the results indicates 
beyond all question a constant diminution of the obliquity. 

‘uler first explained the variation of the obliquity of the ecliptic by the 
theory of gravitation. In his memoir of 1748, he showed that the adtion 
of Jupitcr on the carth would occasion a displacement in the plane of the 
ecliptic; tending to bring it nearer to the equator. He investigated the 
sathe subject more completely in the Berlin Memoirs for 1754, and also in 
his memoir on the perturbations of the Planets, which was crowned by 
the Academy of Sciences of Paris in 1756. On the last-mentioned 
occasion he made the secular diminution equal to 48”, a quantity which 
differs only about 2” from the most recent determinations of astronomers *. 

Lagrange computed the diminution of the obliquity in the Berlin 
Memoirs for 1782, and obtained 61.5 for the amount of the secular 
variation. ‘This resiilt is universally ellowed to be too great. The source 
of Lagrange’s error doubtless lay in tho erroneous value which he assumed 
for the mass of Venus, the planet which exercises the greatest influence on 
the position of the ecliptic. 

An interesting question arises; will the obliquity continually diminish 
until the equator and ecliptic coincide? If this should happen, the sun 
will daily attain the same meridional altitude as at the equinoxes, and an 
eternal spring will reign over the whole carth. Lagrange first shewed 
that such a condition cannot possibly exist; the mutual action of the 
planets occasioning only small oscillations in the positions of their orbits. 
The ecliptic will, therefore, continue to approach the equator until it 
reach the limit assigned by the action of the perturbing forces, after which 
it will gradually recede ivom that plane according to the same Jaw as 
that which determined its previous approach. The diminution of the 
obliquity is not uniform; but the law of variation can only be ascertained 
by theory. The formula for computing the obliquity corresponding to any 
assigned time may be thus expressed :-—§ = 23° 27’ 54”. 8—0”. 488566t— 
0”, 0000052, ¢ denoting the number of years before or after 1800. This 
formula will be accurate enough for all the purposes of astronomy, when 
the value of t does not exceed ten or twelve centuries; it will even serve 
for all the ancient observations, when we take into account. the uncertainty 
that hangs over them. In the lapse of ages the Jaw of variation will be 








* Bessel in his Tabulee Regiomontane, 1880, makes it 454.7, 
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more completely developed; and it will be necessary to include in the 
formula tho cubes and higher powers of t, if the same epoch should be 
always retained. 

Laplace compared the preceding formula with an ancient observation 
recorded in the annals of the Chinese. It appears that Tcheou Kong, the 
regent of China, measured the summer solstice about the year 1100, before 
the Christian era, and from the result obtained by him, combined with 
another. recorded measurement of the winter solstice, astronomers have 
deduced 28° 54’ 2”.5 as the obliquity of the ecliptic in his time. Now, if 
we substitute 2900 for t in the preceding formula, applying to it the 
negative sign, because it represents the number of syears by which the 
recorded observation has preceded the epoch of the formula, we get 28° 
51’ 80” for the value of the obliquity. The near agreement of this 
result with that derived from the Chinese records is very remarkable, 
especially when we consider that the instrument with which Teheou Kong 
made his observation was a vertical gnomon only eight feet high. The 
accordance between theory and observation is still more striking when we 
institute a comparison between the results of the former and the accurate 
determinations of modern astronomers. Thus Arago and Mathieu, from 
observations on the solstices made in the years 1812, 1813, 1814, con 
chided that the obliquity for the year 1815 was 28° 27’ 497.98. If we 
compute its value for the same epoch by the above formula, we obtain 
23° 27’ 48.69 as our result. The difference between the observed and 
computed values is, therefore, only 0.59, 

The displacement of the eeliptic, caused by the action of the planets on 
the earth, affects the precession of the equinoxes, and the length of the 
tropical year. ‘This displacement is found to produce a very slow motion 
of the equinoctial points upon the plane of the ecliptic in the direction of 
the earth's motion. Its effectis, therefore, contrary to that produced by 
the action of the sum and moon upon the terrestrial spheroid; but, as it is 
very minnte compared with the latter, it merely occasions a small diminu- 
tion of the annual quantity of precession. 'The mean value of precession, 
as determined by observation for the epoch of 1800, is 507.2235. The 
lunisolar precession computed for the same epoch by the theory of gravita- 
tion is 507.37815; hence the effect due to the displacement of the 
ecliptic amounts to 0.14965. 

The progression of the equinoxes, caused by the action of the planets on 
the earth, will manifestly affect the length of the tropical year. The 
action of the sun and moon upon the terrestrial spheroid accelerates the 
arrival of the earth in the equinoxes, and, therefore, shortens the year; 
the action of the planets on the other hand retards its arrival, and 

.consequently lengthens the year. The acceleration being, however, preater 
than the retardation, the tropical year will, on the whole, be shortened by 
.the motion of the equinoctial pomts. If-this motion was uniform, the 
length of the tropical year would be invariable; but such, in fact, is not 
the case. At present it is slowly increasing, and on this account. the 
tropical year is gradually becoming shorter. ‘The rate of diminution is 
about half a second ina century ; and consequently the tropical year is 
now shorter by about ten seconds than it was in the time of Hipparchus. 

If the position of the equator was fixed, the variation of the obliquity 
of the ecliptic would depend entirely on the displacement of the latter 
plane, occasioned by the action of the planets on the earth. Laplace, 
however, has shewn that this displacement gives rise to a corresponding 
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oscillation of the equator, which considerably modifies the variation that 
would otherwise ensuc. It is clear, from our remarks on the inequality 
of nutation in’a preceding chapter, that, as the ecliptic approaches the 
equator, the mean action of the sun upon the tertestrial spheroid will 
continually vary. ‘This variation of the solar force will give rise to a 
nutation of the earth’s axis, exactly similar to that depending on the 
variable inclination of the lunar orbit to the equator. In the present 
instance, however, the period of the inequality will be vastly greater, in 
consequence of the extreme slowness with which the displacgment of the 
earth’s orbit proceeds. The mean disturbing action of the moon upon the 
terrestrial spheroid will also be subject to a corresponding variation ; for 
the lunar orbit constantly maintains the same angle with respect to the 
plane of the ecliptic, and, therefore, participates in the displacement of 
that plane relative to the equator. Hence will arise an oscillatory move- 
ment of the earth’s axis of the same period with that depending on the 
action of the sun. Laplace has found that, in virtue of the combined 
effect of these oscillations, the variation of the obliquity is reduced to about 
one-fourth of that which would have resulted from the displacement of the 
ecliptic alone. He has shewn, in fact, that if we only take into account 
the last-mentioned cause of variation, the obliquity will oscillate to the 
extent of 4° 53’ 33” on cach side of a mean state; whereas, on the other 
hand, if the action of the sun and moon on the terrestrial spheroid, arising 
from the displacement of the ecliptic, be gonsidered, the extent of 
oscillation will be reduced to 1° 83’ 457%, 

The movements of the equator and the ecliptic being periodical, the 
phenomena which depend on their relative positions must necessarily be 
periodical also. Hence the tropical year, although at present in a state of 
slow diminution, will not always continue so. When the obliquity of the 
ecliptic has reached the limit prescribed hy the action of the plgnets on 
the earth, it will then vary in the opposite direction, increasing according 
to the same Jaw as that which determined its previous diminution. 
Laplace found that the utmost alteration in the length ef the tropical year 
would not exceed 38.8 seconds. If it were not for the modified action of 
the sun and moon upon the terrestrial spheroid depending on the displace- 
ment of the ecliptic, the extent of variation would be 162 seconds +. 

We have already remarked that the earth’s aphelion has a progressive 
motion relative to the stars amounting to 11” or 12” annually. If we 
consider its motion with respect to the equinoxes, we must add the value 
of precession to the above quantity, which gives about 62” for the tropical 
motion. Hence, in little more than twenty thousand years, the major 
axis of the earth’s orbit will have accomplished a complete revolution with 
respect to the intersection of the equator and ecliptic. Laplace has 
considered two remarkable epochs in connexion with this circumstance. 
One of these is that at which the major axis of the terrestrial orbit 
coincided with the line of the equinoxes ; the other is that at which it was 
perpendicular to the same line. The first of these epochs, when com- 
puted by theory, is found to correspond to the year 4107 before the 
Christian era. This was about a century previous to the creation of man ; 
the solar perigee then coincided with the autumnal equinox. The epoch, 
at which the major axis of the orbit was perpendicular to the line of the 


- * Connaissance des Temps, 1827, p. 237. 
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cquinoxes, is of mach more recent date. Laplace found by computation 
that it fell in the year 1250 a.v. ‘The solar perigee then coincided with 
the winter solstice. He therefore proposed that the year 1250 a.p. should 
be used as a universal epoch, and that the first day of the year should 
begin with the passage of the sun through the vernal equinox *. 

An interesting discovery to which Laplace was conducted by his re- 
searches on the planets was the existence of an invariable plane in the 
solar system. It is well known that astronomers generally fix the posi- 
tion of a celestial body by determining its distances with respect to two 
great circles*of the celestial sphere at right angles to each other. If the 
planes of these circles be immoveable, it is clear that observations, however 
numerous or distant from each other, may be referred to them, and any 
changes of position which may have occurred will be discovered by a com- 
parison of the recorded distances from each circle. On the other hand, 
if the position of the correlative planes be variable, it is equally undeni- 
able that any conclusions drawn from such a comparison will be totally 
vitiated, at least unless due account be taken of the altered .position of 
the planes at the time of each observation. Now as the orbits of all the 
planets are continually shifting their positions, in consequence of the 
mutual traction. of the several bodies, it is impossible to use any of 
‘their planes as the plane of one of the great circles of reference ; and the 
same may be said df the plane of the equator, the positiea of which is 
continually varying from the action of the sun and moon upon the terres- 
trial spheroid. It becomes, therefore, highly desirable to discover some 
plane, the position of which shall be independent of the mutual perturba. 
tions of the planets, and which may, therefore, be used as a common ground 
for comparing distant observations}. ‘This important object was effected by 
Laplace, who- ascertained that, amid the disturbances to which the planets 
are continually exposed by their mutual attraction, there exists an invari- 
able plane, about which the orbits perpetually oscillate, deviating from it 
only to a very small extent on either side. ‘This plane passes through the 
centre of gravity of the solar system, and it is so situated, that if all the 
planets be projected on it, and if the mass of each planet be multiplied into 
the area, corresponding to any given time which is described by the pro- 
jected radius vector, the sum of such products will be a maximum. By 
means of this property, which is independent of any particular epoch, it 
will be easy for astronomers in future ages to determine the exact position 
of the plane, and to compare observations together by means of itt. 

This,plane is not peculiar to the solar system. It exists in all those 
systems wherein the bodies are not exposed to any other forces than those 
arising from thoir mutual attraction. Its position in the solar system has 
been calculated, by referring it to the plane of the ecliptic, corresponding 
to the year 1750. In this manner it is found that the inclination of the 
plane is 1° 35’ 31”, and the longitude of the ascending node 102° 57’ 
30’, Ifa similar calculation be made for the year 1950, the inclination 
will be 1° 35’ 31%, and the Jongitude of the node 102957715”. The 
agreement of these results is very surprising when we take into account the 
uncertainty that prevails respecting the masses of several of the planets §, 


* Méc, Cél., liv, vi. chap. x. 
t+ OF course the relation between the two planes determines the position of the other 
plane. 


$ Journal de |’ Ecole Polytechnique, Année, 1798: see also Méc. Cél.. liv. iL chan. vit 
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We shall now proceed to give some account of the researches of astra- 
nomers on the motions of comets. ‘These bodies were generally considered 
to be meteoric substances, generated in the upper regions of the atmo- 
sphere, until Tycho Brahé demonstrated that they were situated beyond 
the moon’s orbit. That astronomer erred, however, in supposing them to 
revolve in circular orbits, nor did Kepler approach nearer the truth when 
he affirmed that they moved in straight lines. Hevelius first remarked 
that the paths of comets are gurved near the perihelion, the concave side 
being turned towards the sun. He even threw out the suggestion that 
the form of the curve might be a parabola; but he did not a@sert that the 
sun would occupy the focus. Borelli also about the same time hinted 
that the orbits of comets might be either parabolic or elliptic. Dérfel, 
a native of Upper Saxony, was the first person who proved that comets 
move in parabolas, having the sum in the focus. This he did, in 1681, by 
means of a careful discussion of the observations on the great comet which 
appeared in the preceding year. It is right, however, to state that he 
arrived at .this conclusion merely by a graphic process, and that he makes 
no mention of any fixed law regulating the motions of comets. 

Newton, having been already assured by the researches of astrono- 
mers that comets traverso the regions of the planets, was log, by his 
discovery of the principle of gravitation, to suppose that they move in 
conic sectionswound the sun in the focus. He was of opinion that the 
orbits are really elliptic, like those of the planets; but he remarked that 
on account of their great eccentricity they might bo assumed, without any 
appreciable error, to be parabolas near the perihelia. He demonstrated, 
by a comparison of his theory with the observations of astronomers, that 
the comet of 1680, and several other bodies of the same class, revolved in 
orbits which were sensibly parabolic, and that-the radii vectores drawn to 
them from the sun, supposed in the focus, described in each case equal 
areas in equal times. fe also: invented a method for determining the 
elements of 2 comet's orbit by means of three distinct observations. This 
method, being founded on the supposition of the body moving in a parabola, 
did not extend to the determination of the major axis when the comet re- 
volved in, an elliptic orbit. Newton, however, remarked that this element 
and the time of revolution might be derived from a comparison of those 
comets which returned in the same orbits after very long periods t. 

The researches of Newton were soon enriched by a brilliant corollary. 
Halley, having collected all the recorded observations on comets which 
could be entitled to any credit for accuracy, proceeded to calculate the 
elements of their orbits, in hopes of thereby detecting the reappearance of 
some of the bodies. ‘This illustrious astronomer, having devised an arith- 
metical calculus for Newton’s method of investigation, succeeded, after in- 
credible labour, in computing the clements of twenty-four comets. Among 
these there were three which, on account of the close resemblance of their 
orbits and the uniformity of their appearances, afforded strong grounds for 
suspicion that they were the same comet. The first was observed by Ap- 
pian in 1581; the second by Kepler in 1607; and the third by, Halley 
himself in 1682. His suspicion of their identity was further confirmed 
by historical records of the appearance of a comet in 1505, of another in 
1580, and of a third in 1456, In all these cases the periods seemed to 
vary alternately from 75 to 76 years, every two successive revolutions oc- 
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cupying about 151 years. Tho only objection which offered itself to the 
opinion of their being the same comet arose from the irregularities of the 
periods, and the difference in the inclinations of the orbits. The interval 
comprised between the comets of 1531 and 1607 amounted to 76 years, 
62 days; that comprised between the comets of 1607 and 1682 was 
equal only to 75 years, less 42 days. The difference between the two in- 
tervals was therefore more than fifteen months. ‘The inclination of the 
orbit was also found to vary nearly to the extent of 2 degree on the occa- 
sion of each successive appenrance of the comet. These discordances 
would have effered an insuperable difficulty to many inguirers in attempt- 
ing to establish the identity of the comets; but Halley was too well ac- 
quainted with the principles of the Newtonian theory not to perceive that 
they might be occasioned by the disturbing action of the planets. He 
remarked that the period of the planet Saturn sometimes varied to the 
extent of 13 days from the action of Jupiter, and that, under certain cir- 
cumstances, the alteration of the time of revolution might even amount to 
a month, ‘How much more liable to derangement then,” says he, “is a 
comet whose excursion into space is four times greater than that of Satarn, 
and whose orbit is so eccentric, that, if the velocity were increased by 74th 
part of itg yalue, the ellipse described by the comet would be changed into 
& parabola,” 

He remarked, that in the summer of 1681, when the comet was ap 
proaching its perihelion, it passed so close to Jupiter that the force exerted 
by that planet on it amounted to x;th of the sun's force; and, as it con- 
tinued for several mouths exposed in this manner to the powerful in- 
fluence of the planet, hie inferred that the periodic time must have been in 
consequence affected to a very considerable extent. The question therefore 
which now suggested itself to him was to ascertain the precise time when 
the comet should again return. The period of revolution, as determined 
by the appearances of 1531 and 1607, would assign the month of November, 
1758, for its next return; on the other hand, if the period derived from 
the appearances of 1607 and 1682 were adopted, the comet ought to re- 
turn m the month of August, 1757. No means existed in Halley's time 
of computing the derangement of the comet’s motion caused by the pla- 
nets; but he very sagaciously concluded that the action of J upiter would 
have the effect of retarding its arrival, and that in consequence it would 
not be visible before the end of 1758, or the beginning of 1759. . “ Where- 
fore,” says this illustrious astronomer, “ if it should return according to our 
prediction about the year 1758, impartial posterity will not refuse to ac 
knowledge that this was first discovered by an Englishman.”* 

As the time fixed by Halley for the return of the comet drew nigh, an 
intense interest was awakened in the minds of astronomers by the expected 
event, but no one had the courage to calculate the precise time when the 
comet should he visible by taking into account the perturbing action of the 
planets. At length, in 1757, Clairaut, who had already distinguished him- 
self by his researches in physical astronomy, undertook the examination of 
this difficult question. Ly applyifig his solution of the problem of three 


* “ Quocirca si secundum predicts hostra redierit iterum circa annum 1758, hoc primum 
ab homine Anglo inventum fuisse non inficiabitur fequa Qosteritas.” Synopsis Astronomiea 
Cometice. ‘This important little treatise was first published in the volume of the Philo- 
sophical Transactions for the year 1705. It was afterwards considerably enlarged by the 
author, but it was not published in this form until 1749, when it appeared along with his 
tables of the plancts, The words above cited are not contained in the garlier edition. 
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bodies, he computed the derangements caused by the planets Jupiter and 
Saturn throughout three successive revolutigns. In the immense calcula- 
tions to which these researches gave rise, he received efficient aid from 
Lalande, who was then just entering upon his long career. He finally ar- 
rived at the conclusion that the comet would be retarded 100 days by the 
action of Saturn, and 518 days by the action of Jupiter. Hence the whole 
period of revolution would extend to 76 years, 211 days, and as the comet 
had passed its perihelion on the 14th of September, 1682, it ought to return 
to it again on the 13th of April, 1759. Clairaut announced the result of 
his labours to the Academy of Sciences on the 14th of November, 1758. 
He took the precaution, however, of stating that the omission of many 
small quantities, which was rendered necessary by the method of approxi-" 
mation he employed, might cause the actual time of the comet’s arrival in 
perihelion to differ as much as a month from the computed time. He also 
added “that a body which passes into regions so remote, and which is 
hidden from our view during such long periods, might be exposed to the 
influences of forces tetally unknown, such as the action of other comets, or 
even of some planet too far removed from the sun to be ever perceived.” 

All the astronomers of Europe were now looking forward with anxious 
expectation fo an event which was destined to exercise so important an 
influence on the fate of the Newtonian theory. At length the comet was 
seen for the first time on the 25th of December, 1758, by George Palitsch, 
a native of Saxony, and an amateur astronomer. It reached its perihelion 
on the 13th of March, just one month earlier than the time fixed by Clair- 
aut, but still within the limit assigned by that illustrious geometer. 

Having revised his labours, Clairaut reduced the error in the computed 
time of the comet to 22 days, and at a subsequent period he reduced it to 
19 days. He would have approached still nearer the truth if he had been 
in possession of more accurate values of the masses of Jupiter and Saturn. 

The return of this comet so near the predicted time was one of the 
most brilliant triumphs which the Newtonian theory had yet achieved. It 
established beyond all doubt that comets, while mainly controlled by the 
preponderating influence of the sun, were also liable to be deranged in 
their motions by the other bodies of the system, and the theory of their per- 
turbations henceforth formed a subject of deep importance to geometers. 
Clairaut employed in his researches the method of approximation he had 
previously devised for the lunar theory, but he introduced into it several 
ingenious modifications, in order to adapt it to the peculiar difficulties of 
cometary perturbation. It will readily be perceived that the same facilities 
do not exist in this case for calculating the influence of a-disturbing body 
as when the question relates to a planet. In the latter case the eccen- 
tricity and inclination of the disturbed body being small fractions, it is al- 
ways possible to expand the perturbing function into a rapidly converging. 
series, arranged according to ascending powers of these quantities; but, as 
the orbits of comets are very eccentric, and inclined at all angles to the 
elliptic, the series into which the perturbing function is developed con- 
verges with such slowness as to render the usual method of integration quite 
impracticable. Little progress was made in these researches until the year 
1780, when the Academy of Sciences of Paris having proposed to geometers 
the theory of cometary perturbation, Lagrange composed an admirable 
memoir on the subject, which obtained for him the prize of the Academy. 
The method which that illustrious geometer invented for the purpose of 
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effective, and has formed the basis of all subsequent researches relative to 
the same object. It is founded on the theory of the variation of 
arbitrary constants ; but in integrating the differential expressions of the 
comet's elements the usual mode of procedure is not adhered to. In 
the lunar and planetary theories the integrations are so effected, that they 
conduct to formule by means of which the place of the disturbed body may 
be readily calculated for any assignable instant whether past or future. A 
similar course not being practicable in the theory of comets, on account of 
the peculiarities to which we have already referred, Lagrange proposed 
to substitute instead of it what has been termed the method of quadratures. 
This consists in dividing the orbit of the comet into a number of distinct 
‘ares,and then summing up the effect of perturbation for each arc. By this 
process a fresh set of elements is obtained at the end of each summation, 
and these form the basis of computation for the following are, The appli- 
cation of this process to the whole of the orbit would demand gn enormous 
amount of calculation, but Lagrange shewed that such a course was not ne- 
cessary. When the comet is near the peribelion, the method of quadratures 
is indispensable ; but, when it is traversing the superior part of its orbit, 
the ordinary method of integration may be practised on account of the great 
distance of the comet compared with the distance of the disturbing body. 

In 1770 a comet appeared, the circumstances connected with which led to 
very interesting results. The observations on it seemed inexplicable by 
any parabolic orbit that could be devised, until Lexell finally shewed that 
they might be all reconciled with the supposition of the comet revolving 
in an ellipse in a period of nearly six years. The opinion of Lexell was 
confirmed in the most satisfactory manner by Burchardt, who for this pur- 
pose undertook a careful discussion of all the observations. Strange to 
say, the comet never afterwards appeared, notwithstanding the shortness of 
its period. In order to account for this fact, Lexell remarked that it had 
been always invisible until the year 1770, but that in 1767 it passed so 
near Jupiter that it was thrown by the powerful disturbance of that planet 
into a new orbit and thereby rendered visible; and that in 1779 it again 
passed so near the planet as to be thrown into another orbit and rendered 
imvisible. Laplace undertook an analytical investigation of this interesting 
question, and he found that the disturbing action of Jupiter would be 
capable of producing the singular effects ascribed to it by Lexell*, “No 
doubt,therefore, can exist on the cause cither of the appearance or the 
subsequent disappearance of the comet. 

As this comet approached very near the earth, it offered a favourable 
example for ascertaining to what extent comets in general affect the other 
bodies of the system. The result of its action on the earth would be to 
diminish the force of that body towards the sun, and thereby to lengthen 
ihe sidereal year. No such change has been detected by astronomers, 
whence we may conclude that the masses of comets are very small. 
Laplace found that, if the sidereal year had increased 1* since the year 
1770, the mass of the comet would not have exceeded .,qth part of the 
earth’s mass. It is evident, however, that the mass is much less than 
this, for, although the comet passed through the system of Jupiter’s satel- 
lites both in 1767 and in 1779, it did not produce the slightest perceptible 
derangements in the motions of any of those bodies. ; : 

Laplace, after having investigated with the most brilliant success every 
subject connected with the system of the world, finally conceived the design 
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of uniting in one great work all the discoveries that had been effected in 
Physical Astronomy. This design appears realised in the Mécanique 
Céleste, one of the most stupendous monuments of the human intellect 
which modern civilization can boast of. It consists of five quarto volumes, 
which were published at different times in the course of the author's life. The 
first and second volumes appeared in 1799 ; the third in 1803; the fourth 
in 1805; and the fifth in 1825. The whole work is divided into sixteen 
books. Ten of these occupy the first four volumes; the remaining six 
contained in the last volume may be considered as supplementary to the 
others. The first book of this immortal production treats of the laws of 
equilibrium and motion ; the second, of the law of universal gravitation and 
of the centres of gravity of bodies ; the third, of the figures of the celestial 
bodies ; the fourth, of the oscillations of the sea and the atmosphere ; the 
fifth, of the motions of the celestial bodies about their centres of gravity; 
the sixth, of the theory of the planets ; the seventh, of the lunar theory ; the 
eighth, of tlfe theory of the satellites of Jupiter, Saturn, and Uranus; the 
ninth, of the theory of comets ;. the tenth, of the theory of refraction and 
other points relative to the system of the world. In the first book of the 
fifth volume or the eleventh of the whole work, Laplace considers the 
figure and rotation of the earth. The twelfth book treats of the attraction 
and repulsion of spheres and of the laws of the equilibrium and motion of 
elastic fluids ; the thirteenth, of the oscillations of the fluids which cover 
the surfaces of the planets; the fourteenth, of the motions of the celestial 
bodies about their centres of gravity ; the fifteenth, of the motions of the 
planets and comets ; the sixteenth, of the motions of the satellites. Besides 
the five volumes above mentioned, Laplace composed at different times 
supplements to several of the books. ‘ 

The physical theory of the planetary system is exhibited in the Mécanique 
Céleste in a state of almost complete developement. No material progress 
has in consequence been effected in this branch of astronomy since the 
publication of that immortal work. One discovery of a very remarkable 
character has indeed been recently added to the long list of triumphs 
which adorn its history; but during the present century geometerg have 
been mainly occupied in correcting and extending previous results, in im- 
proving the methods of investigation, and in illustrating the more obscure 
points of tha theory. 

In reviewing the progress of Physical Astronomy since the close of 
Newton's career, it is impossible not to be struck with the truth of the re- 
mark, that great occasions always call forth from the bosom of society 
suitable minds to cope with the emergencies of the times, and to triumph 
over opposing difficulties. It has becn said that Newton appeared on 
the theatre of the world when the materials of the magnificent strneture 
erected by him had been already amassed by the persevering industry of 
preceding ages. The true state of the planetary system had been un- 
folded by the successive labours of Hipparchus, Copernicus, and Kepler ; 
the laws of motion had been fully established by Galileo, and his suc- 
cessors Huygens, Wallis, and Wren; nay, the all-pervading principle 
which animates and controls the bodies of the universe had been dimly 
surmised by more than one philosépher. There was still, however,: 
wanting some master-spirit to detect the mutual dependence of these 
disjointed principles, and by a mighty effort of generalization to reduce 
all the phenomena of the heavens under one dominant law of nature. The 
prospect of achieving this grand result was the alluring motive by which 
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genius was invited to the study of celestial physics in the seventeenth cen- 
twy; and to the English philosopher was assigned the immortal honour of 
its realisation. We may discern a similar adaptation of intellectual power 
to existing exigencies in the period which elapsed between the publication 
of the Principia and the appearance of the Mécanique Oéleste, Newton 
had fully established the principle of gravitation by his own unaided efforts; 
but he bequeathed a vast heritage of profound research to his successors, 
With a sagacity unexampled in the history of the human mind, he detected 
the agency of this principle in all the grand phenomena of the planetary 
system, and by the aid of a sublime geometry of his own invention he 
succeeded in reducing to culculation a number of its most hidden results. 
Itstill remained, however, for geometers to ascertain the effects of the minute 
perturbations which ensue from the mutual action of the planets, to invent 
formule enabling the astronomer to determine their positions throughout 
all ages, both pastand future; and, finally, to solve the momentous question. 
whether the planets are gradually being absorbed into the sun, or whether 
the system is so constituted that they will revolve in permanent orbits 
round the central body. Such were the magnificent problems which New- 
ton’s discovories suggested to hig successors. We have seen what mighty 
energies were awakened by these problems and with what brilliant success 
their solution was effected. Perhaps no period of history can exhibit an 
array of mathematical genius, oqual-to that which adorned the eighteenth 
century. The labours of Euler, D'Alembert, Clairaut, Lagrange, and 
Laplace will fill many a bright page in the annals of science, and their 
names will be for ever associated with that of the illustrious founder of 
Physical Astronomy, whose reputation they have so much enhanced by 
their sublime discoveries. : 

Among tho various circumstances which are calculated to excite our 
admiration, while reviewing this portion of the history of Physical Astro- 
nomy, not the least remarkable are the resources of the transcendental 
analysis ; by means of which the geometer has been enabled to unravel the 
most complicated relations of the system of the world, and to decipher in. 
the anomalous movements of the celestial bodies the constant operation of 
one all-pervading principle. In vain would the human mind have ever 
attempted to penetrate into the more recondite parts of the theory of 
gravitation without: the aid of this powerful instrument of research. Its 
assiduous cultivation was, therefore, essentially necessary for the develope- 
ment of that theory; and, on this account, the pure analysts, such as 
Leibnita and the two eldest Bernoullis, deserve to be associated with 
those who have more directly contributed to the progress of the science. 
‘The discovery of the system of the world by Newton,” says Delambre, 
“‘was a fortunate event for geometers. Never could the transcendental 
analysis find a worthier or a more sublime theme. Whatever progress 
is made in it, the original discoverer will always maintain his «rank. 
Lagrange, who often asserted Newton to be the greatest genius that 
ever existed, used to remark also—‘and the most fortunate; we do 
not find more than once a system of the world to establish.’ It hag 
required a hundred years of labours and discoveries to construct the 
edifice of which Newton laid the foundation; but all is ascribed to him, 
and he is supposed to have pursued the whole extent of the career on 
which he entered with an éclat so well calculated to encourage his 
successors,” * 


* Mémoires de l'Institut, 1812, p. xly. (Notice sur la vie et les ounraaes de Taaranae\ 
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An illustrious living philosopher of France *, when alluding to the 
discovery of universal gravitation, has said, that no Frenchman can reflect 
without an aching heart on the small participation of his own country in 
that memorable achievement. If an Englishman could be supposed to be 
equally sensitive, he has ample reason to regret the inglorious part his 
country played during the long period which marked the developement of 
the Newtonian theory. With the exception of Maclaurin and Thomas 
Simpson (the former of whom certainly contributed towards the solution of 
one of the great problems of the system of the world, and the latter at least 
gave ample proofs of his capacity for such researches), hardly any individual 
of these islands deserves even to be mentioned in connexion with the 
history of physical astronomy during that period. This deplorable fact 
has been generally attributed to the pertinacity with which the English 
mathematicians adhered to the synthetic method of investigation, the 
resources of which had been already completely exhausted by Newton ; 
and also to their perseverance in employing the fluxional calculus of that 
great geometer; which, besides being less commodious in point of nota- 
tion, did not at any time attain the high state of perfection which, at a 
comparatively carly stage of its history, distinguished the rival invention 
of Leibnitz, The fecling of veneration which they naturally cherished’ 
towards their illustrious countryman was doubtless the main cause of their 
injudicious attachment to his peculiar methods of research ;. but it was also 
fostered in a strong degree by the unhappy quarrel which arose between 
them and the continental mathematicians relative to the original invention 
of the infinitesimal. calculus, Were it not for the mutual estrangement 
which then ensued between both parties, it would have been an easy task 
to transfer the improvements of the differential calculus to the fluxional 
calculus of Newton, which, in point of fact, was identical with it; and by 
this means the analysts of England might have advanced at an equal pace 
with-those on the continent. When the unpleasant feeling, just referred 
to, finally died away, the intellectual cnergies of England were already 
directed towards objects diametrically opposed to contemplative, science ; 
and the few persons who still cultivated mathematics, perceiving how far 
the analysts on the continent had advanced beyond them in the improve- 
ments of the infinitesimal calculus, appear to have abandoned in despair all 
intentions of original research in physical astronomy, contenting themselves 
merely with timid dissertations on the Principia. At the beginning of 
the present century there was: hardly an individual in this country who 
possessed an intimate acquaintance with the methods of investigation which 
had conducted the foreign mathematicians to so many sublime results. 
It is gratifying to reflect that a vigorous attempt has been made since that 
time to recover for England her due position in the physico-mathematical 
world, Notwithstanding the disadvantages under which they laboured, 
the geometers of this country have already given ample proof that it was 
not from any natural defect of intellectual ability that their fathers were 
compelled so long to remain silent spectators of the triumphs of their, 
neighbours, .The most recondite parts of analysis are now studied with 
ardour and suecess by a number of talented persons; and«England, in 
the present: day, can boast of some of the most distinguished mathe- 
maticians of Europe. The late Professor Woodhouse, of Cambridge, 
degerves to be mentioned as the person who laboured most zealously in 


* M. Arago. 
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removing from the minds of his countrymen the prejudices they had so 
long cherished against the analytical methods that were in universal use 
on the continent. In the sequel we shall have the pleasure of noticing 
occasionally some of the results which may be considered as the first fruits 
of this salutary innovation. 
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Tue first important discovery which distinguished the progress of phy- 
sical astronomy in the nincteenth century related to the variation of the 
mean distances of the planets from the sun. We have already given an 
account of the researches of Lagrange on this point of the planetary 
theory, and have mentioned the remarkable conclusion at which he arrived. 
Tt appeared that the mean distance of a planet, when disturbed in its 
elliptic orbit by the other bodies of the system, was not subject to any 
variations'which increased constantly with the time, but was merely affected 
by a series of periodic inequalities depending on the relative places of the 
planets in their orbits. Lagrange shewed that this theorem was true for 
all powers of the eccentricities and inclinations; but his investigation did 
not extend beyond a first approximation, and, therefore, was limited to 
terms of the first order with respect to the disturbing forces*. The inte- 
resting question, therefore, still remained to be examined, whether a repe- 
tition of the approximation would introduce into the expression of the 
mean distance any terms increasing with the time, and thereby occasioning 
a secular inequality in the mean motion. This problem was first attacked 
by a young geometer, who was destined to pursue a brilliant career in the 
physico-mathematical sciences. In the year 1808, Poisson, who was then 
only twenty-five years of age, communicated a memoir to the Institute, in 
which he investigated the variation of the mean distance, carrying the 
approximation to the square of the perturbing forces. By means of a most 
elaborate analysis, he succeeded in shewing that the repetition of the ap- 
proximation would introduce into the formula for the variation of that- 
element, only a class of terms depending on sines and cosines of angles, 
increasing proportionally with the time. It followed, then, that so far as 


* Mémoire sur les Inégalités Seculaires des Moyens Mouvemens des Planétes. This 
memoir was read at the Institute, in June 1808, and was subsequently published in the 
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the mean distances were concerned, the mean motions of the planets were 
invariable by the second as well as by the first approximation. 

The interesting result to which Poisson was conducted by his researches, 
had the effect of again inducing Lagrange and Laplace to direct their at- 
tention to the theory of planetary perturbation. Poisson, after the ex- 
ample of these geometers, had assumed, as the basis of his investigation, 
the elliptic equations of the undisturbed orbit, and obtained the variations 
of the elements, by supposing the constants in these equations to be every 
instant changing their values by infinitely small quantities. ‘Lagrange, 
however, was Jed, by reflecting on Poisson's researches, to consider the sub- 
ject under a more general aspect. He assumed as the basis of his inves- 
tigation the three differential equations of the planet's motion, ‘derived 
from the supposition that it was exposed only to the central action of the 
gun, Each of these equations being of the second order, its complete in- 
tegrat would contain two arbitrary constants, and, therefore, the three equa- 
tions which determine the place of the planet in its orbit would contain 
six arbitrary constants *.. When the action of the plancts is taken into ac- 
count, another quantity is introduced into the differential equations, termed 
tho perturbing function. Conceiving, then, this function to arise from a 
continuous variation of the six constants in the primitive equations, La- 
grange succeeded in obtaining the expressions for the variation of each 
constant, without assuming the ellipticity of these equations. ‘The varia- 
tions, when investigated by this uniform process, exhibited a very remark- 
able form, being all expressed by partial differentials of the perturbing 
function, taken with respect to the constants, and multiplied into quan- 
tities, which were functions only of the constants. This form presented a 
great advantage int practice, for, as it was possible to expand the perturbing 
function into a series of sines and cosines of angles, increasing propor- 
tionally with the time, the secular variations of the elements were at once 
obtained by means of the terms that were explicitly independent of the 
time, while the remaining terms being integrated, and then substituted in 
the formule for finding the place of a planet in an elliptic orbit, gave the 
longitude and latitude of the planet in the disturbed orbit corresponding 
to any assignable time. Lagrange then applied his analysis to the ques- 
tion of the invariability of the mean distance. Poisson had not considered 
the effect of the variations of the elements of the disturbing planets, on 
account of the analytical difficulties offered by the perturbing function, 
which did not preserve the same form throughout the investigation when 
that supposition was introduced. Lagrange got rid of this inconvenience 
by transferring the origin of co-ordinates from the centre of the sun to 
the centre of gravity of the sun and planets. The perturbing function 
being then symmetrical with respect to all the planets, the same analysis 
was applicable, whatever might be the planet whose elements were sup- 
posed to vary. Lagrange by this means succeeded in shewing that the 
second approximation would not introduce into the expression for the 
mean distance any term which increased constantly with the time, even 
when the variations of the clements of the] disturbing planets were in- 
cluded in the investigation. 

It is right to mention that the variations of most of the elements 
had already appeared in the form under which Lagrange just presented 
them. That great geometer had so expressed the variation of the mean 


* Mémoires de l'Institut, 1808. 
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distance as early as 1776, and Laplace subseqitently obtained similar ex- 
pressions relative to the eccentricity, the inclination, and the longitude 
of the node*. “The importance of Lagrange’s researches on the present 
occasion was, however, of a ttofold character, for, hesides exhibiting the 
variations of all the elements under the same form, the ditect analysis 
by which he obtained his results, and the general aspect under which he 
viewed the elements (considering them merely as the six arbitrary con- 
stants involved in the complete integrals of the differential equations, 
without reference to their individual functions in an elliptic orbit), seemed 
to indicate a general theory, of which the variations of the elements of the 
planetary orbits served only as a particular illustration. 

On the very day that Lagrange communicated to Laplace the interest 
ing result of his researches on the variations of the elements, the latter 
exhibited to him analogous expressions, to which he had just been con- 
ducted by an investigation of the same subject. Such was the remark- 
able parity of inventive power which distinguished the rival efforts of 
these illustrious geometers, and which so long held the judgment of Eu- 
rope in suspense upon the question of their relative merit! . 

Notwithstanding the identity of the results obtained by Pes shes ond 
Laplace -on the present occasion, it was not difficult to discern in the re- 
searches of each geometer the peculiar bent of his genius, Lggrange, 
who wielded the powers of the transcendental analysis with unrivalle 
effect, considered the subject in its most abstract form, and by this means 
imparted a generality to his researches, which could not fail to lead to 
important results. Lxplace, always Jess enamoured with the beauty of 
mathematical speculation than he was anxious to unfold the system of the 
world, contented himself with reducing the expressions for the variations 
of the epoch and perihelion to the same form with those relating to the 
other elements, not considering them in connexion with any general prin- 
ciple, but simply deriving them from established formule. In effecting 
this object, he was considerably aided by a relation between the two ele. 
ments which Poisson had recently discovered. These results appeared in 
a supplement to the third volume of the Mécanique Céleste}.. Laplace ex- 
hibited a beautiful illustration of their practical utility, by employing them 
in the investigation of the lunar inequalities occasioned by the spheroidal 
figure of the earth, The expressions which he obtained’ by this process 
for the inequalities both in longitude and latitude coincided exactly, in 
all respects, with those he had already arrived at by the usual method of 
approximation. It is exceedingly interesting to trace the final agreement 
of two methods differing so essentially in their original conception. 

Soon after Lagrange and Laplace arrived at the above-mentioned results, 
the former of these geometers communicated a memoir to the Institute, in 
which ‘he exhibited the application of the theory of the variation of arbi- 
trary constants to all questions of mechanical sciencet. Assuming 2g 
the basis of his researches the three differential equations of the second 
order to which he had already shewn, in the Mécanique Analytique, that 
the motion of every system of bodies might be reduced, he supposed the 
six arbitrary constants of the complete integrals to vary from the effect of 
a small disturbing force and to be represented in the differential equations 

* Méc. Cél., liv. ii. chap. viii. 

+ Laplace first announced them at the sitting of the Bureau des Longitudes, Y7th of 
August, 1808. ? 

# Mémoires de l'Institut, P. 257, et seq. 
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by a small quantity termed the perturbing function. He then demon- 
strated, by a process similar to that which he employed in the less gene- 
ral case of a planet revolving round the sun, that the expression for the 
instantaneous variation of each constant contained only terms involving 
partial differentials of the perturbing function relative to the constants, 
each differential being multiplied by a function only of the constants. 

In this memoir Lagrange remarked that the same principles were 
applicable to the determination of the motions of the planets around 
their centres of gravity, taking into account the action of the disturbing 
planets upon the equatorial matter of the disturbed planet. Having 
exhibited a statement of the general conditions of the problem and pointed 
out its connexion with the theory of the variation of elements, he con- 
cluded by announcing his intention of making it the subject of a future 
memoir. At no subsequent period of his life did he carry into effect this 
resolution; but, indeed, Poisson a few months afterwards rendered such a 
step unnecessary, by communicating to the Institute an excellent memoir 
on the subject. Euler first gave the differential equations relative to the 
motion of a body about its centre of gravity when it has received an initial 
impulse and is not afterwards exposed to the action of any forces. These 
equations being three in number, and of the second order, their complete 
integrals will contain six arbitrary constants. Their integration would 
therefofe lead to the equations of a planet's motion about its centre of 
gravity if it were not continually disturbed by the action of the sun and 
the other planets of the system. By considering the latter, however, as 
80 many'perturbing bodies which tend to Laatarey a continual change in 
the elements of rotation, the variations of these elements may be investi- 
gated by @ process similar to that employed in determining the variations 
of the elements of the orbit. The formula for these variations being then 
integrated and substituted in the primitive equations depending solely on 
the initial impulse will conduct to three complete equations, by means of 
which ‘the positions of the planet's axis and the velocity of rotation cor- 
responding to any assignable time may be readily ascertained. By a 
judicious selection of constants, Poisson obtained formule for the'variations 
of the elements of rotation exactly analogous to those which Lagrange and 
Laplace had already arrived at relative to the orbit of the planet. This 
remarkable result constituted the crowning triumph of the theory of the 
variation of elements, for by means of it the two great problems of the 
system of the world, although differing essentially in conception; were most 
unexpectedly exhibited in a relation of close affinity, and the geometer 
was thus enabled to contemplate all the effects of planetary perturbation 
through the medium of the same analysis *. 

* Mémoire sur la variation des constantes arbitraires dans les questions de Mécanique, 
Journal de Ecole Polytechnique, tome viii. p. 266, et seq. In this memoir Poisson in- 
vestigates the expressions for the variations of the arbitrary constants in the general 
problem of Mechanics by a more direct analysis than that which Lagrange had employed 
in his original demonstration of the same results, It is right, however, to state that the 
jast-mentioned geometer was conducted about the same time to a similar improvement of 
his own method, (Mémoires de I’ Institut, 1809, p. 343, et seq). A complete account of 
the theory of the variation of arbitrary constants by means of Poisson's analysis will be 
found. in Pontécoulant’s Théorie Analytique du Syst?me du Monde, tome i. liv. ii, 
chap. iii, See also on this subject the seventeenth chapter of Mr. De Morgan’s 
Treatise on the Differential and Integral Calculus, Library of Useful Knowledge. 
This chapter contains a concise, but singularly able exposition of the most comprehensive 
theories of mechanical science. The reader is conducted by means of them to the very 
threshold of the great problems of the system of the world. 
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The complete establishment of this sublime theory was the last great 
ffort of Lagrange’s genius. We have already remarked that Euler's 
esearches contain the earliest traces of the use of the variation of 
ements in computing the perturlations of the planetary motions. Al- 
hough that geometer, however, has the undoubted merit of first employing 
is fertile method of investigation, the maguificent expansion which it 
subsequently reccived, and to which it owes all its practical value, is wholly 
due to the illustrious mathematician above mentioned *. In Physical 
Astronomy, it is indeed very naturally suggested by observation; for the 
elements of the planetary orbits had been already found by astronomers 
to be in a state of slow variation, although their elliptic forms did not 
appear to be undergoing any change. It is in questions of this kind, where 
the perturbing forces are smal} compared with the principal forces which 
arlimate the system, that the variation of eléments can be most advan- 
tageously employed. Lagrange resolved to embody his final rescarches on 
this subject in a new edition of the Mécanique Analytique; and with this 

view he undertook 2 complete revisal of that immortal work; but the 

fatigue he incurred in consequence brought on a fever which carried him 

off before the termination of his labours, on the 10th April, 1813. 

Lagrange deserves to be ranked among the greatest mathematical 

geniuses of ancient or modern times. In this respect he is worthy of a 

place with Archimedes or Newton, although he was far from possessing the 

sagacity in physical enquiries which distinguished these illustrious sages. 

From the very outset of bis carcer he assumed a commanding position 

among the mathematicians of the age, and during the course of nearly half 

a century previous to his death, he continued to diyide with Laplace the 

homage due to pre-éminence in the cmpire of the exact sciences. His 

great rival survived him fourteen years, during which he reigned alone 
as the prince of mathematicians and theoretical astronomers. 

In recent times the general theory of planetary perturbation has derived 

. much improvement from the profound researches of Poisson, Plana, Ivory, 

"Lubbock, and other geometers. ‘The most remarkable innovation is due, 

however, to M. Hansen, ‘That distinguished geometer conceives the 

elliptic elements of the planet to be invariable, and assumes the time aloné 
to be subject to perturbation +. The method of investigation founded on this 
refined notion possesses some important advantages over the ordinary 
methods employed for the same purpose. M. Hansen has applied it with 
“ success to the theory of Jupiter and Saturn, and also’in researches on the 
lunar perturbations. 
The derangements in the elliptic motion of a planet, occasioned by the 
action of another planet on it, depend upon an algebraic expression, in- 
volving the mutual distance of the two planets, and termed the perturbing 
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* Euler explained the method of the variation of elements in his memoir-on the 
perturbations of the planets, which he transmitted to the Academy of Sciences in 1756; 
but his investigation was imperfect, because he omitted to take into account the variation 
of the epoch, The same defect characterized the researches of Lagrange, which appeared 
in the volume of the Turin Academy for 1763. It was not until he published his famous 
memoirs on the planetary perturbations in the volumes of thé Berlin Academy for 
1762-3-4, that the last-mentioned geometer gave a complete theory of the subject. by 
investigating the expressions for the variations of the six elements of the undisturbed 
orbit. 

+ Pontécoulant has expounded this method in the Connaissance des Temps for 1887, 
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function. Before any progress, can be made.jn computing these pertur- 
bations, it is necessary that the algebraic expression on which they depend 
should be decomposed into individual terms. This object is generally 
effected by expanding the function into a series of sines and cosines of 
angles increasing proportionally with the time, and arranged according 
to ascending powers of the eccentyicities and inclinations. If no other 
operation was necessary, and the inequalities were represented by the terms, 
simply as they appear in the expanded function, the computation of those that 
are of sensible magnitudes would not be very troublesome; for, as the eccen- 
-tricities and inclinations of the planets are generally very inconsiderable, 
at least if we except the smaller planets, the series converges with great 
rapidity ; and for all purposes of comparison between theory and observation, 
it would not be necessary to take into account any terms beyond those of 
the second order with respect to these quantities. But this is by no means 
the real state of the question. After the perturbing function has. been 
expanded in the form just mentioned, it undergoes two successive inte- 
grations before the terms composing it ean be made subservient in 
representing the planet's inequalities in longitude. By this process 
“the circumstances of the problem are totally altered, and its difliculties 
i degree angmented, for it may happen that a term which is 
quite insignificant iu the original expansion will acquire by double 
integration a divisor which will render it very considerable *. This 
divisor is a multiplier of the time in the original terms of the expanded 
function, and it is generally formed by combining together in endless ways, 
by addition and subtraction, the mean motions of the disturbing aud dis- 
turbed planets. The geometer, therefore, cannot safely reject. any terms 
in the expanded function from a meve regard to their order in the series, 
unless he has assured himself at the same time that they cannot be affected 
to a sensible extent by any of the divisors depending on the various com- 
binations of the mean motions, It is this cireumstance which occasions 
the necessity of calculating the terms of the third and even the fifth orders 
in the theory of Jupiter and Saturn; and indeed ‘a similar course is in- 
dispensable when the question refers to any of those inequalities of Jong 
duration which extend over several revolutions of the disturbing and dis- 








* The expression for the longitude contains a term of the form kf} f a in which 
tds 


R denotes the perturbing function, ¢ the epoch of the disturbed planet, and & a constant 
quantity. Now &, when expanded, is found to contain a series of terms of the form 
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perihelia und the nodes. Hence AL fi re will contain a series of terms of the form 
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Goa P sin ( (in—in) t+ ait @). and it is clear that if inany case in 
be very nearly equal to zn’, the corresponding term of the longitude may be considerable, 
even although P be of a high order relative to the eccentricities and inclinations. For 
example, in the theory of Jupiter and Saturn, 5 n is very nearly equal to 2 n’, and hence 
arises the famous inequality in the longitudes of those planets which Laplace was the first 
to trace to its true physical source, 
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turbed planet As the terms to be taken into account rise in degree 
the labour of computing the coefficients increases with frightful rapidity. 
With the view of facilitating the researches of geometers, Burchardt 
calculated all the terms of the perturbing function to the sixth powers 
of the eecentricities}. It still remained to execute a similar calcula- 
tion with respect to the inclinations. his laborious task was per- 
formed by Binet, who carricd the developement to the seventh powers 
of the ecceutricities and inclinations. This has been found to be amply 
sufficient for computing the perturbations of the older planets, but 
it is by no means so, when the question refers to the small planets lying 
hetween the orbits of Mars and Jupiter, or when the perturbations of 
comets are considered. In both these cases the eccentricities and incli- 
nations are so considerable that the terms of the disturbing function con- 
verge with extreme slowness; and on this account, it is necessary to cal- 
culate a much greater number of them than in the theory of the older 
planets, in order to attain an equal degree of accuracy. Geometers appear 
to have abandoned all hopes of determining the coefficients of the higher 
terms by the ordinary process of algebraic developement, the operation 
rapidly assuming so complicated a form as to become totally unmanageable. 
Other methods have accordingly been devised for effecting this object. 
One of these is founded on the principle of mechanical quadratures f. 
M., Hansen has determined the coefficients of the disturbing function by 
this method in a memoir on the theory of Jupiter and Saturn which ob- 
tained for him the prize of the Academy of Sciences of Berlin. 

Auother method consists in giving particular values to the disturbing 
function, and then, by means of the equations formed between then and 
the corresponding yalues of the series, eliminating as many coefticients as 
may be deemed desirable. This method has been practised with complete 
success by M. Le Verrier in computing the perturbations of Uranus by 
Saturn §. 











* We have mentioned in the preceding note that R contains a series of terms of the 


form P cos ( Ga tn')t4+as- i + Q ). Now the lowest terms which involve any 


given values of é i’ are of the order i ~ ¥ relative to the eccentricities and inclinations. 
The next lowest terms having the same arguments would be of the order i — i + 2; and 
the order of the succeeding term swould increase by 2 at each step. For example, if 
@= Sand i = 2, then the lowest terms of the form 


P cos ( Gn — an) 04 50-24 4@) 


would be of the third order; the nest lowest of the fifth order, and so on. Hence we 
perceive the reason why the terms upon which the jong inequality of Jupiter and Saturn 
depends, are at least of the third order. Similarly in the long mequality of the Earth 
and Venus, which arises from the smallness of 13 2 — 8 7’, the terms are at least of the 
fifth order. 

+ Mémoires de l'Institut, 1808. 

} This method, the gern of which may be traced to D'Alembert, forms the subject of 
two papers by Poisson, which appear in the volumes of the Connaissance des Temps for 
1825 and 1836. Pontécoulant has explained it in his Théorie Analytique du Systéme du 
Monde, aud has also given an example of its application in computing the great inequality 
of Jupiter and Saturn. See the work just-cited, tome iii. liv. vi. chap. vi. vii, xxi. 

§ Recherches sur le Mouvement de la Planéte Herschel, Connuissance des Temps, 
1849. Le Verrier does not give the details of his investigation of the perturbations of 
Uranus by this method, his object being merely to shew the accordance of its results with 
those he obtained by the ordinary method of algebraie developement. In a memoir already 
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We have given some account in a previous chapter of the researches of 
Lagrange and Laplace on the secular inequalities of the planetary motions, 
and have also mentioned the results to which they were conducted 
relative to the stability of the system of the world. Laplace ‘de- 
monstrated that neither the eccentricities nor the inclinations would in- 
crease indefinitely with the time, but he did not assign any means of 
determining the exact limits between which they would perpetually oscil- 
Jate. It is conceivable, indecd, that both elements might vary to a con- 
siderable extent, without invalidating the famous theorems of that geometer 
relative to their limits. Le Verrier found that a small planet revolving 
round the sun at twice the mean distance of the earth would be so 
disturbed by Jupiter and Saturn that the inclinations of its orbit relative 
to the orbits of those planets would attain considerable magnitudes, 
eyen although they were originally very small *, Now it is remarkable 
that the small planets discovered between the orbits of Mars and 
Jupiter, whose inclinations we know to be greater than those of the 
other planets, have all been found to-revolve in the neighbourhood of 
this region. Ie Verrier also found a similar region between Mercury 
and Venus, in which, if a small planet revolved, its inclinations relative 
to the orbits of the Marth aud Venus would experience considerable 
variations from the disturbing action of those planets. 

The only definite conclusion which could be drawn from Laplace’s re- 
searches, was that the expressions for the eecentricities and inclinations 
would consist of a series of sines and cosines of angles, increasing with 
the time, but would not contain any term involving the time, without the 
functional symbols. It still remained to compute the numerical values 
of the constants entering into these terms, in order to ascertain the values 
of the elements corresponding to any time, past or future, and to assign 
the exact limits within which they would perpetually oscillate. This 
operation, however, was oue of extreme difficulty, for it involved the resolu- 
tion of an algebraic equation, equal in degree to the number of planets 
whose mutual action was considered, and demanded also a most laborious 
process of elimination. Lagrange made the first successful attack on this 
problem, by the aid of an ingenious simplification, which consisted in 
grouping the planets into two systems, one composed of Jupiter and 
Saturn, to which he subsequently added Uranus; and the other composed 
of Mercury, Venus, the Earth, and Mars, taking also into account the 
action of the larger planets upon each of these bodies. By this process 
ho found that the eccentricities and inclinations would continually oscil- 
late between very narrow limits, and he assigned the numerical values of 
the limits for each planet. This investigation of Lagrange’s, although 
valuable as a first attempt to establish an important point in the system 
of the world, was considerably vitiated by the erroneous values he assigned 
to the masses of the smaller planets, especially Venus, the mass of which 
he estimated at a half more than its tfue value. In more recent times, 
when the masses of the planets and the elements of their motions came 
to be ascertained with greater accuracy, a strong desire was felt that the 











des Planétes, No. 1) he explained the ingenious process by which he eliminated the co- 

efficients of the disturbing funetion. _ A translation of this memoir is given in Taylor's 

Scientific Memoirs, part xviii, See also on this subject a paper by Sir John Lubbock, in 

the Philosophical Magazine for August, 1848, 
page 2.” Me. 
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question should be submitted to a fresh investigation. This task was 
undertaken by Le Verrier, who took into account the simultaneous action 
of the seven planets*. This excellent geometer was conducted by his 
researches to some very interesting conclusions. He found that after the 
lapse of a few hundred years, Lagrange’s formule for the elements would 
become inaccurate; but it is remarkable that the superior limits of the 
eccentricities as assigned by that geometer did not differ materially from 
those obtained by Le Verrier. This circumstance depends upon a 
curious relation which Le Verrier found to connect the variation of the 
limit, with supposed errors in the masses of the disturbing planets. He 
discovered; in fact, that the limit would vary only to a very slight extent, 
even although considerable errors were committed in the estimation of 
the masses. This theorem is true with respect to all the planets, 
except the Harth and Venus. The coincidence in these two instances 
depends upon the particular value which Lagrange assigned to the mass 
of Venus. By employing any other value of the mass, he would have 
obtained very different values for the limits of the eccentricities of the 
two planets +. 

A remarkable period which Le Verrier has considered in connexion 
with his researches on the secular variations, is that which would restore 
the eccentricities and perihelia of the three superior planets, Jupiter, 
Saturn, and Uranus, to the same mutual relations. When the slowness 
with which these elements vary, is taken into account, one might reason- 
ably suppose that many millions of years would elapse before such a re- 
storation could take place. Jue Verricr found, however, that a period of 
nine hundred thousand years would suffice for this purpose, although 
the elements of the planets will have passed through all their values only 
a small number of times in that interval, and the elements of Urauus will 
have completed only one cycle of their values. He considers that the 
error of this period does not exceed four thousand years, or =}5th of its 
computed value. 

The rescarches on the secular variations of the planets had hitherto 
been confined to the first powers of the eccentricities and inclinations. 
As these elements vary with extreme slowness, it was supposed that the 
effects. of the superior powers would be very insignificant, and that their 





* Pentécoulant had calculated the expressions for the elements of the seven planets, 
and published bis researches in the third volume of his Théorie Analytique du Systéme 
du Monde, but Le Verrier, upon comparing them with his own results, found them to ke 
totally erroneous. For further particulars in connexion with this circumstance, see the 
Comptes Rendus, tome ix, p. 550, tome x. pp. 539, 739, tome xi. pp. 872, 881; see 
also the Connaissance des Temps for 1843, Additions, p. 24. A 

+ The following are the superior limits of the eccentricities of the six older planets, as 
assigned respectively by Lagrange and Le Verrier. : 


Le Verrier. 
0.22565 
0.08672, 
0.07775 
0.14224 
0.06155 
0.08492 


It would be difficult to account for the near agreement of these results, except by the 
theorem alluded to in the text, relative to the errors in the values of the masses. Le 
Verrier has fixed the minimum value of the Earth’s eccentricity at 0.008314; whence 
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computation would not alter any of the conclusions at which geometers 
had arrived relative to the stability of the planetary system. Le Verrier, 
in a second memoir on the secular variations of the planets, investigated 
this subject by carrying the approximation to the third powers of the 
eccentricities and inclinations *. ‘The result of his researches was in some 
respects contrary to what had been anticipated. He discovered that the terms 
of the third order produced etfects which very soon became sensible, and 
therefore could not be neglected. With respect to the stability of the 
system, he found that when the planets Jupiter, Saturn, and, Cranus 
were considered, the introduction of the terms of the third order had the 
effect of confirming the results of previous researches on the subject; but 
when the question referred to the four smaller planets, it was impossible to 
arrive at any definite conclusion, on account of the uncertainty that ex- 
isted respecting the masses of those bodies. 

The theory of the moon has in all ages occasioned much trouble to 
astronomers. Some of the irregularities in the motion of that body are of 
such magnitude as to foree themselves upon the notice of the observer, 
even in a yery rude state of astronomy, and a strong desire has in conse- 
quence been always felt to ascertain their real character. In more recent 
times the advantage of a knowledge of the moon’s motion in promoting 
the purposes of geography and navigation, and in affording a ready means 
of testing the theory of gravitation, has imparted an unusual degree of 
interest to the study of her various inequalities. ‘Towards the -close of 
the’ eighteenth century the most esteemed tables of the moon were those 
of Mayer, revised in 1780 by Mason. In 1798 the French Institute, 
desirous of obtaining corrections of the elements of her motion, proposed 
as the subject of a prize, the determination of the mean places of the 
apogee and ascending node of the lunar orbit, by means of at least 500 
observations, This prize was awarded te Burg, an astronomer of Vienna, 
who employed in his calculations as many as 3232 observations. Tables 
were then constructed by him upon the basis of the corrected elements. 
The arguments of the equations were derived from Laplace's theory, but 
the coefficients were determined by observation. In one instance only 
were so few as 668 equations of condition employed in determining the 
yalue of a coefficient. Having compared his tables with the observations of 
Bradley and Maskelyne, Burg discovered a general discordance in the 
epochs which he was unable to account for. Similar errors presented them- 
selves when he instituted a comparison between the computed longitudes, 
and the observations of Lahire and Flamstead, towards the close of the 
seventeenth century, Laplace suspected that the errors were produced 
by some periodic inequality of long duration in the moon’s mean longitude, 
and he poited out two equations, either of which might possibly be 
the cause of them. One of these depended on the disturbing action of 
the sum, and had for its argument twice the longitude of the moon’s node, 
plus the longitude of her perigee, minus three times the longitude of the 
sun's perigee. Its period amounted to 184 years. The other equation 
depended on the fact that the figure of the earth is not symmetrical on 
each side of the equator. It had a period of 179 years. The equation, 
depending on the action of the sun, being of the tenth order of magnitude, 








* It is easy to see from the form of the expressions for the variations of the elements, 
that the next step in the approximation will introduce the third powers of the eccen- 
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Laplace did not undertake the excessive labour of calculating its maximum 
value. Burg, however, selected it for the purpose of representing the 
errors of the tables, applying to it au empiric coefficient equal to 15” 
Tn 1812 Burchardt obtained corrections of Burg’s elements, which he em- 
ployed in the caleulation of new tables. He rejected the equation of 
long period depeiiding on the action of the sun, and substituted instead of 
it, the equation which Laplace attributed to the difference between the 
two hemispheres of the carth. This equation was not calculated any 
more than the other; Burchardt mercly endeavoured to satisfy the ob- 
servations by applying to it an empiric coefficient equal to 12.5. ~ 

The lunar tables were hitherto principally indebted to observation for 
the details as well as the groundwork of their construction, since the ar- 
guments alone of the equations were derived from theory. As this cir- 
cumstance was considered derogatory to the dignity of Physical Astyo- 
nomy, the Freuch Institute in 1824 proposed as the subject of a prize, 
a theory of the moon’s motion which should only exact from observation 
the data required to determine the six fundamental elements. ‘I'wo me- 
moirs were deemed worthy of being crowned; one by Damoiseau, the 
other by. Plana and Carlini. ‘The former of these has been published in 
the third volume of the “Memoires des Savans Htrangers ;” the latter 
has not been given to the world, but an elaborate work on the same sub- 
ject, and avowedly executed upon the same plan, was published by Plana, 
in 1882, Damoiseau has used Laplace's method of investigation; but he 
has carried the approximation to a much greater extent than that illus- 
trious geometer has done. His memoir has been much admired for the 
clearness which pervades its vast expansion, and the beautiful symmetry 
which distinguishes the arrangement of the terms, He calculated tables 
of the moon solely by the aid of his theory, which have been regarded as 
at least equal to any of those in previous use. The method of Plana 
agrees essentially with that pursued by Clairaut and his successors; but 
he has introduced into it several ingenious modifications. The entire 
researches of this distinguished geumeter exhibit, the most commanding 
mastery of his subject. It is impossible to repress a feeling of sympathy 
for the author, when he informs us that throughout all the immense caleu- 
lations of this work, he had not the benefit of a single assistant }. 

Damoiseau, as well as Plana and Carlini, found reason to believe that the 
equations of long period, suggested by Laplace, did not possess sensible 
values. Laplace, who always had strong misgivings respecting the mag- 
nitude of these equations, concurred in this opinion, and it was now ge- 








-nerally admitted that the errors in the moon's epoch could not be ac- 


counted for by an equation of any known form. Carlini in 1824 sug- 
gested four equations for the purpose of reconciling the tables with ob- 
servation. Some of these he considered to bé preferable to Laplace's, but 
he maintained that the errors were best represented by a term depending 
on the square of the time. The admission of this explanation would have 
been tantamount to an abandonment of the question; but such a course 
would have been a reproach to the advanced state of Physical Astronomy, 
and could not on any account be sanetioned. 

* Théorie du Mouvement de Ja Lune, 3 tomes 4tp, Turin, 1882, . 

+ “Je n'ai pti me faire aider par personne ; j'ai dil traverser seul, cette longue chdine 
de caleuls, et il n'est pas étonnant si par inadvertenee, j'ai omis quelques termes qu’ fail- 


lait considerer pour me conformer 4 la rigueur de mes propres principes.”—Discours 
Si ent 
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Sir John Lubbock has investigated the lunar. perturbations in some 
valuable papers which have appeared in the volumes of the Royal Society, 
and also iu a special treatise on the subject. ‘he most remarkable inno 
vation which he has introduced into his researches is that of employing 
the mean longitude of the moon as the independent variable. ‘This is 
the practice which had always been pursued in the planetary theory, but 
in the lunar, it had been hitherto deemed more convenient to derive the 
mean longitude in terms of the true, considered as the independent 
variable, and then by the reversion of series to obtain the expression for 
the true longitude in terms of the mean. The eminent geometer just 
mentioned concciyes, however, that the use of the mean longitude as the 
independent variable conduces to greater simplicity in practice, even when 
the question relates to the lunar perturbations. His example was soon 
afterwards followed by Poisson, who introduced another important innova- 
tion into the lunar theory, by employing in his researches the method of 
the variation of elements *. 

The only difficnity which still continued to attach to the lunar theory 
arose from the errors in the mean longitude, which had oceasioned so 
inuch fruitless discussion since the commencement of the nineteenth 
century. Although the inequality of long period, depending on the action 
of the sun, which Laplace suggested as the probable explanation of 
these anomalies, was generally believed to be insensible, still, as no 
attempt had been made to calculate its real value, the question as to its 
adequacy to account for the errors of the tables continued to be involved in 
doubt. Poisson, having examined this point with great attention, dis- 
covered the important fact that the disturbing action of the sun could not 
produce an inequality in the moon's mean longitude of the form indicated 
by Laplace. He then considered the inequality depending on the 
difference in the compression of the two hemispheres, and he found, as 
Laplace had already done, that it was quite insensible. Sir John Lubbock, 
about. tho same time, very simply arrived at a similar conclusion by the 
aid of his own formule.‘ 

- Doubts now begaun.to be entertained respecting the accuracy with which 
the observations were reduced, for the theory of gravitation was found to 
be so satisfactory in all other respects that it seemed impossible to ques- 
tion its adequacy to account fur all the real irregularities in the motions of 
the heavenly bodies. A step, however, was at length taken which esta- 
blished in the clearest light the actual existence of the phenomenon, and 
terminated in the triumphant vindication of Newton's principles. For 
some years past all the observations on the san, moon, and planets, which 
have been made at Greenwich since the middle of the last century, have 
been undergoing a course of reduction couformably to a uniform plan, 
under the able superintendence of the present Astronomer Royal. In 
the summer of 1846, the lunar observations were so far completed as to 
enable Mr. Airy to obtain fresh corrections for the elements, and with 
these the epochs were calculated for different times and compared with 
corresponding observations. This comparison had the effect of confirming 
by the most decisive evidence the researches of Burg and other astrono- 
mers. It appeared evident that the epoch was affected by some inequality 
of very long period, and probably of a very complicated form. Mr. Airy, 
aware that M. Hansen was then engaged with the lunar theory, transmitted 
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to him the data he had just obtained, under the full assurance of that 
illustrious mathematician’s competency to investigate the intricacies of 
the moon's perturbations. As Poisson and Lubbock had already shewn 
that the errors of mean longitude could not be traced to the direct action 
-of the sun, or the disturbing influence of the earth's figure, the question | 
was narrowed to the investigation of the effects produced by the action of 
the planets, which had been hitherto supposed to be almost insensible. 
Hansen, guided by his profound knowledge of the theory of perturbation, 
undertook a rigorous scrutiny of all the inequalities of long period which 
appeared likely to afford an explanation of the errors of the tables. He 
calculated many equations of this nature that were found to be insensible; 
but he finally discovered two depending on the action of Venus, the 
magnitudes of which were totally unexpected. One of these arises from 
the fact that sixteen times the mean motion of the earth, plus the mean 
motion of the moon, minus eighteen times the mean motion of Venus, is 
- a very small quantity. Indeed, when its numerical value is computed, it 
is found to amount only to about ;,'55th of the moon's mean motion. 
Now.the terms of the perturbing function which have this quantity for a 
‘multiplier of ‘the time under .the symbols sine or cosine, although of the 
third order with respect to the eccentricities and inclinations, will acquire 
by doable integration its square as a divisor, and will on this account 
. form an equation of considerable magnitude in the expression for the 
longitude. Hansen found the maximum value of this equation to amount 
to 27”.4, and its period to 278 years. The’ other equation depends on 
this—that the difference between thirteen times the mean motion of the 
earth, and eight times the mean motion of Venus, is a very small fraction. 
Its maximum value amounts to 28”.2, and its period to 239 years. The 
inequality represented by this equation is manifestly analogous to the long 
inequality in the earth’s epoch discovered by My. Airy. Indeed, it is not 
difficult to see that the latter inequality will occasion a variation in the 
mean value of the disturbing action of the sun, and will thereby give rise 
to an inequality of a similar nature in the moon's longitude. 

These two inequalities discovered by M. Hansen, when applied to the 
moon's computed longitude, complgtely account for the errors in the tables, 
which had so long perplexed the astronomers and mathematicians of 
Europe. The lunar theory may, therefore, now be considered as divested 
of all serious embarrassment; and in its present state it undoubtedly 
constitutes one of the noblest monuments of intellectual research whicl 
the annals of science offer to our contemplation. From the age of 
Hipparchus down to the present day, the complicated movements of the 
moon have formed the subject of anxious enquiry. One by one have her 
numerous inequalities been detected, and their laws ascertained, until the 
astronomer is finally enabled to predict her place with all the aceuracy 
called for by the most refined appliances of modern observation. Perhaps 
no other part of astronomy exhibits so many unequivocal triumphs of the 
theory of gravitation as the researches connected with the moon’s motion. 
The coincidence between the deductions of the geometer and the results 
of actual observation is truly astonishing, when one considers the intricacy 
of the subject. Newton furnished incontestable evidence of the trath of 
his principles when he calculated the motion of the moon's nodes to within 
shath part of the actual motion. In the present day, however, the theories 
of Plana and Damoiseau assign the motions of the apsides and nodes to 
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within ¢5/559 th part of their observed values *. Euler conceived that 
the disturbing action of the planets would offer unsurmountable difficulties 
towards arriving at a complete theory of the moon’s motiov, and he 
asserted that this circumstance would for ever prevent astronomers from 
reducing the error in the computed place of that body below 30”}. This 
statement is well calculated to suggest the important character of the 
results to which M. Hansen has been conducted by his researches in the 
present instance {. 

The moon's mass has been variously estimated by astronomers. Newton, 
by a comparison of his theory of the tides with observation, concluded that 
it amounted to +54, the earth's mass being supposed equal to unity §. 
Laplace similarly inferred from the height of the tides at Brest that the 
moon's mass was equal to z45||. This result is considerably less than 
that assigned by Newton; but Laplace conceives that on account of the 
influence of local circumstances on the height of the tides at Brest, the 

~real value of the moon’s mass is even still less. He, therefore, determmed 
the mass by other methods, and estimated its most probable ‘value by 
taking a mean of all the results. Three distinct methods offer themselves 
for this purpose, besides that suggested by the theory of the tides. One 
of these depends upon the fact that the force which retains the moon in 
her orbit, as indicated by her periodic time and observed distance,-is due 
not merely to the action of the earth, but to the united actions of the 
earth and modn, Hence, by computing the force in this manner, we 
get the sum of the masses of the two bodies, and if the earth’s mass 
is already known, the moon’s mass becomes known also. Adopting 57’ 
12.03 as the mean parallax of the moon, Laplace obtained by this - 
method +}.5 for the value of her mass. 

Another method for determining the moon’s mass is suggested by the 
inequality in the sun's longitude, depending on the displacement of the 
earth from the common centre of gravity of the earth and moon, Since 
this is the point to which astronomers refer the computed place of the 
earth, it is clear that the motion of that body round it will generally cause 
the computed and observed places of the sun to differ. Wheu the moon 
is in syzigees the inequality vanishes; for then the sun appears in the 
sate position, whether observed from the earth, or from the centre of 
gravity of the earth and moon. It manifestly attains its maximum value 
at the quadratures, where the lines drawn from the sun to the earth and 


* See Poisson’s Mémoire du Mouvement de la Lune autour dela Terre, Mém. Acad. 
des Sciences, tome xiii. 1833. 

+ * Au reste je ne douté pas, qu’en corrigeant les licux moyens de l'apogée et du noeud 
dans les tables ordinaires, on ne puisse par ce moyen parvenir a determiner le liew de la 
lune 4 30” pres. Or pour un plus haut degré de précision on ne saurait jamais Vespérer 
4 cause de l’action des autres planétes 4 laquelle la Lune est assujetie.” Théorie de la 
Lune, Prix de l'Académie, tome ix. 

+ Since the preceding lines were written, we have ascertained that at the meeting of 
the Astronomical Society for September 1848, Mr. Airy communicated the corrections 
of the elements of the lunar orbit, deduced from the Greenwich observations from 1750. 
to 1830. When we consider the extent and accuracy of these observations, embracing 
the united labours of Bradley, Maskelyne, and Pond; and the eminent talents of the 
astronomer who has superintended their reduction and discussion, we may confidently expect 
that the results which have been obtained by means of them, will impart greater precision 
to the lunar tables than any others of a similar character that have yet been arrived at. 

§ Princip. lib. iii. prop. 37, cor. 4. 

{ Méc, Cél. liv, vi. chap. xvi. 
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to the centre of gravity of the earth and moon, diverge most from each 
other. Now the amount of this divergence depends on the relative 
distances of the earth and moon from their common centre of gravity, 
and these again depend on the relative masses of the two bodies. Hence, 
when the maximum value of the inequality is determined by observation 
and the mass of the earth is at the same time known, the mass of the 
moon becomes known also. Now Delambre inferred, from a great number 
of observations on the sun, that the maximum value of the lunar equation 
was 7.5. This result gave Laplace ,3. for the value of the moon's 
mass, i 
The third method which Laplace employed for determining the moon's 
mass is suggested by the inequality of nutation. This inequality being 
due to the action of the moon on the terrestrial spheroid, it is clear that a 
comparison of its observed value with the formula for it, furnished by 
theory, will lead to a knowledge of the moon's mass. Laplace assumed 
the maximum value of nutation to be 9”.6, as estimated by Maskelyne, 
and hence inferred that the moon's mass was equal to ~,. 

Comparing together these different results he finally fixed upon 47.5 as 
the most probable value of the mass. : 

‘Fhe: researches of succeeding astronomers generally lead to the con- 
elusion that the real value of the moon’s mass is somewhat less than 
the estimate of Laplace. . It is fortunate that this is a point, in which 
great precision is not called for by the existing state of science. 





CHAPTER XI. 


Theory of the Perturbations of the larger Planets.—Theory of Mercury.—Researches 
of Le Verrier.—Theory of Venus.—Determination of its Mass.—Theory of the 
Earth.—Solar Tabies.—Delambre.—Long Inequality depending on the Action of 
Venus discovered by Mr. Airy.—~Theory of Mars— Evaluation of its Mass.—Theory 
of Jupiter.—Calculation of the Terms of the Long Inequality involving the Fifth 
Powers of the Eccentricities.— Researches of Plana—Correction of the value of Ju- 
piter's Mass,.Theory of Saturn.—Researches relative to the determination of its 
Mass.—Theory of Uranus.—Its anomalous Irregularities—-Discovery of an Exterior 
Planet by means of them.—Theory of the Smailer Planets«—Hansen.—Lubbock,— 
Theory of Comets.—Rescarches on the Motion of Encke’s Comet. Hypothesis of a 
Resisting Medium.—Perturbations of Halley’s Comet calculated.— Satellites of Jupiter, 
Saturn, and Uranus.—Determination of the Mass of Saturn’s Ring, by Bessel.— 
Libration of the Moon.—Nicollet,—Theory of the Figure of the Earth.— Researches 
of Ivory on the Attraction of Elliptic Spheroids—Experiments with the Pendulum.— 
Mean Density of the Earth.—-Motion of the Earth about its Centre of Gravity. — 
Poisson.—Researches on the Tides.—Oscillations of the Atmosphere. —Experiments 
of Colonel Sabine. : : 


Atuovcn the methods devised by the mathematicians of the last century 

for the purpose of computing the effects of planetary perturbation were com- 

plete in so far as the more important bodies of the system were concerned, 

there still remained, even in this part of the theory, various points which 

called for further investigation. The masses of the planets in some cases 
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of more precise data; while, in other cases, there appeared discordances 
in the results obtained by different methods, the origin of which it was 
desirable to ascertain. Perplexing errors also began to creep-into the 
tables of several of the planets, and once more threatened to tarnish the 
fair fame of the Newtonian theory. It is gratifying to reflect that these 
anomalies, one by one, have yielded to the researches of the geometer, and 
the law of gravitation still retains the character of simple grandeur by which 
it was distinguished, when first announced by its immortal discoverer. 
The planet Mercury, notwithstanding its insignificance, has in all ages 
given more trouble to astronomers than any other of the older planets 
of the system. ‘This has mainly arisen from the imperfect character of 
the observations, by means of which the elements of its motion have 
been determined; for, previous to the invention of the telescope, it could 
only be seen a little before or after sunset, when the vapours of the 
horizon rendered it difficult to ascertain its precise place.” It is clear, 
also, that the magnitude of the eccentricity would tend to aggravate the 
effect of any error in the position of the orbit. ‘The transits of the 
planet across the sun’s disk afford a favourable means of testing the theory 
of its motion, and serve as valuable data for the correction of the ele- 
ments. The earliest transit which history records took place in 1631, 
aD.  Kopler had predicted the phenomenon. by means of the Ro- 
dolphine tables, and Gassendi had the good fortune to witness its occur- 
rence, The accordance between theory and observation was found to be 
pretty satisfactory, but it may be considered as the effect of a fortuitous 
combination of circumstanees, rather than the result of well established 
principles ; for, at a subsequent period, Hevelius and his assistants were 
compelled to remain four days at their telescopes, waiting for a similar 
phenomenon. Halley’s tables of the planets were found to give the 
times of the transits with greater precision than those of any preceding 
astronomer, but still the errors frequently amounted to several hours. 
Lalande, after a long course of persevering efforts, published tables of 
the planet, which he conceived to possess all desirable accuracy. In the year 
1786, a transit, calculated by means of them, having been announced to take 
place, the day appointed for the occurrence of the phenomenon was looked 
forward to with great interest by the Parisian Savans. ‘‘ At sunrise,” says 
Delambre, ‘it rained; all the astronomers of Paris were at their tele- 
scopes, but, fatigued with waiting, and no longer retaining any hope, they 
quitted their places half an hour after the time announced for the planet's 
egress from the sun’s disk. I resolved to wait till the moment indi- 
cated by Halley's tabbes; but such a degree of perseverance was unne- 
cessary, for the phenomenon took place three quarters of an hour later than 
the time fixed for it by Lalande, and three quarters of an hour earlier than 
‘that assigned by the tables of the English astronomer.” Lalande was ex- 
ceedingly annoyed by this circumstance, more especially as he had previously 
denounced a transit recorded by Wing, merely on the ground that it did 
not conform to his theory. Nowise daunted, however, he resumed his 
researches on the plauet, and finally calculated tables, which, if not as satis- 
factory as could be wished, were certainly far superior in accuracy to any 
that had hitherto appeared. The first improvement which they received 
is due to Lindenau, who published new tables of the planet in 1813. His 
researches were founded principally on 17 recorded transits. He con- 
cluded from his results that the motion of the planet could not be suffi- 
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mass of Venus. In 1844, Le Verrier instituted a profound examination 
into the theory of Mercury. He calculated all the terms of perturbation 
which could sensibly affect the motion of the planet, and then employed 
them in the formation of preliminary tables, for the purpose of obtaining 
corrections of the elements. His researches were based on about 400 
meridional obscrvations of the planet, made at the Royal Observatory of 
Paris during the present century, and also on a considerable number of 
transits, all of which he submitted to a careful discussion before intro- 
ducing them into the equations of condition. Having in this manner ob- 
tained new elements of the planct, and also a correction for the mass of 
Venus, he constructed tables, which were found to represent the observa- 
tions with wonderful precision. The following interesting account of a 
transit which had been previously calculated by means of them is given 
by Mr. Mitchell, of the Observatory of Cincinnati, in the United States: 
—‘‘Five minutes before the computed time of the contact, I took my 
place at the instrument; the beautiful machinery that carries the telescope 
with the sun was sct in motion, and the instrument directed to that part 
of the sun’s disk at which it was anticipated the contact would take place. 
And. there I sat, with feelings which no one in this audience can rea 
lise. It was my first effort; all had been done by myself. After remain- 
ing there for what seemed to be long hours, I inquired of my assistant 
how much longer I would have to waif; I was answered four minutes. I 
kept my place for what scemed au age, and again inquired as before; he 
told me that bat one minute had rolled by. It seemed as if time had folded 
his wings, so slowly did the moments craw] on. I watched on until I 
was told that but one minute remained, and within sixteen seconds of the 
time I had the almost bewildoring gratification of seeing the planet break 
the contact, and slowly move on till it buried itself, round, and deep, and 
sharp in the sun.” 

The foregoing account may serve to give the general reader an idea of 
the accordance existing in the science of astronomy, between theory and 
observation, even under circumstances of the most disadvantageous cha- 
racter, In the present case, this accordance reflected the highest honour 
on the accuracy of Le Verrier's researches, and augured favourably for 
the future efforts of that illustrious geometer. 

As Mereury disturbs the motions of the other planets only in a very 
small degree, and as it is moreover unaccompanied by one or more satel- 
lites, it has been found very difficult to ascertain the precise value of its 
mass. In the absence of more satisfactory methods, this element has 
been determined by assuming the densities of the, planets to vary in the 
inverse ratio of their mean distances from the sun, and then combining 
the density of the planet found in this manner with its volume, as indi- 
cated by its apparent diameter. By this means astronomers have ob- 
tained +,a00,-705 for the value of the mass of the planet, the sun’s mass 
being represented by unity. Encke, however, has concluded from his re- 
searches on the perturbations of the comet which bears his name, that the 
mass of Mercury does not execed 5,5. *, Le Verrier, on the other 
hand, assigns 3,59 fy 55th as the most probable value of the mass. My, 
Rothman, again, by comparing the theory of the planet with the ob- 
served motion of Venus’s perihelion, estimates the mass at sredertt: 
This result agrees very nearly with Le Verricr’s, but it must be admitted 
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that considerable uncertainty still rests upon this point. It is fortunate 
that the very circumstance which renders it so difficult to ascertain the 
mass of this planet with precision, should also in a great measure relieve 
the astronomer from the embarrassment of an erroneous evaluation. 

The perturbations of Venus, though very minute, are more considerable 
than those of Mercury, on account of her greater proximity to the other 
planets, The principal disturbing body is the earth, but even in this 
case the greatest inequality in longitude does not exceed 10”. Laplace 
computed the terms of perturbation as far as the third powers of the 
eccentricities and inclinations, but he neglected those of higher orders, 
under the impression that they were too minute to be appreciable by 
observation. Mr. Airy, however, has discovered among the terms of the 
fifth order a sensible inequality, depending on the action of the Earth. 
Tt takes 240 years to pass through all its values, although its greatest 
magnitude does not exceed 2.9. We shall presently have occasion to 
mention the circumstance which gave rise to the detection of this interest- 
ing inequality. : : 

Halley's tables of Venus were those which were held in most esteem by 
astronomers throughout the last century, until they were supplanted by 
those of Lalande towards its close. In 1810, Lindenau published tables 
founded on the Greenwich observations, and on those made on the 
continent during the present century, ‘They are the tables now generally 
used by astronomers. : 

The mass of Venus is an element of physical astronomy, which has oc- 
casioned much research. As the planet is unaccompanied by a satellite, 
its mass can only be determined by means of the perturbations it pro- 
duces in the motions of the other bodies of the system. These, how- 
ever, ave so very small, that until recent times no dependence could be 
placed on the results derivable from them. Lagrange, in his famous 
researches on the planets which appeared in the Berlin Memoirs for 
1781-82-83, determined the mass of Venus, by assuming the densities of 
the planets to vary in the inverse ratio of their mean distances from the 
sun. In this manner he found a value for the mass of the planet, which 
exceeded the value of the carth’s mass, nearly in the proportion of three 
to two. This will manifestly result from his hypothesis, when we con- 
sider that the volumes of Venus and the Earth are nearly equal, and that 
the mean distance of the latter from the sun, exceeds that of the former 
nearly in the proportion of three to two. That this estimate, however, 
greatly exceeded the real value, was evident from the result which La- 
grange arrived at, relative to the displacement of the Earth’s orbit by the 
action of the other planets. In this case, the principal disturbing bodies 
are Jupiter and Venus, and as the mass of the former of these planets 
was sufficiently well known, it was clear that any discordance between 
theory:and observation ought to be referred to an error in the mass of the 
latter. Lagrange computed by theory, the displacement of the terrestrial 
orbit, and obtained 61”.5 for the secular diminution of the obliquity of 
the ecliptic; but as the observations of astronomers generally gave less 
than 50” as the real value, it hence followed that the mass of Venus was 
too great, and that the hypothesis on which its determination was founded 
was erroneous. Delambre, while engaged in the construction of his solar 
tables, determined the mass of Venus by means of the periodic inequa- 
lities which she occasions in the Earth’s longitude. Clairaut had pre- 
viously sought to determine the mass of the planet by this method, but 





HISTORY OF PHYSICAL ASTRONOMY. 127 


he had not for his data the accurate observations of Bradley and Maske- 
lyne, nor was the knowledge relative to the reduction of observations, and 
the mode of combining them together, sufficiently advanced in his day. It 
is not to be wondered at, then, that he erred m his estimation of the 
planet's mass, nearly a3 much as Lagrange did by a less legitimate process, 
having made it, in fact, equal only to two-thirds of the Earth's mass. De- 
lambre, under superior advantages, obtained .5;',55 for the mass of the 
planet. By a curious coincidence this result agrees almost exactly with 
the most approved evaluation of the Earth's mass *. Lindenau concluded, 
from his researches on the motion of Mercury, that the mass of Venus 
considerably exceeds the value assigncd to it by Delambre. Burchardt, 
on the other hand, by 2 comparison of the solar tables with Maskelyne’s 
observations, was induced to fix the mass of the planet at =, 74-74. Mr. 
Airy, by means of later observations at Greenwich, obtained >, 7 for 
the mass of the planet}. M. Le Verrier was conducted to a mass equal 
to sya!wa, by his researches on the motion of Mercury §. These values 
agree very nearly with each other, and also with the value assigned by the 
diminution of the obliquity of the ecliptic. Mr. Rothman, however, has 
concluded from the motion of Mercury's nodes, that the mass of Venus is 
at least aqual-to 57575]. The moro complete developement of the se- 
cukér variations of the planetary orbits, can alone lead to desirable pre- 
cision on this point. 

A knowledge of the perturbations occasioned in the motion of the Earth 
by the action of the other planets, forms an indispensablo preliminary to 








* the construction of accurate solar tables. We have seen that Clairaut 


first investigated these perturbations by the application of his solution of 
the problem of three bodies, His results were introduced into Lacaille’s 
solar tables, which continued in use among astronomers until the close of 
the last century. 

One of the first steps taken by the French Board of Longitude, after 
its establishment in 1795, was to procure the construction of new tables 
of the sun, toon, and plancts. In pursnance of this object Delambre in- 
vestigated the elements of the solar orbit by means of the observations of: 
Bradley and Maskelyne, and calculated tables which ’were first published 
in 1806. ‘Che arguments of the equations depending on perturbation were 
derived from Laplace's theory, but the coefficients were determined by 
observation. Delambre by this means obtained values of the masses of 
Venus, Mars, and the Moon. In 1812, Burchardt, with the view of ob- 
taining corrections of the solar elements, compared Delambre’s tables with 
about 4000 Greenwich observations. He concluded from his researches 
that the epoch, the perigee, and the eccentricity required slight correec- 
tions. He also found that the mass of Mars should be diminished by 
a'jth, and the mass of Venus by 4th. In 1827, Mr. Airy compared the 
solar tables with 86 observations of Sir James South’s, and concluded that 
the epoch and the perigee, especially the latter, ought to be sensibly 
altered**, In 1828 he discussed 1200 right ascensions of the sun, ob- 


* Pontécoulant, in the third volume of his Théorie Analytique du Systéme du Monde, 
gives grlsg as the valuc of the earth's mass, 

+ Connaissance des Temps, 1816. 

$ Phil. Trans., 1828. 

§ Connaissance des Temps, 1847. 

|| Mem. Astr. Soc., vol. xii. 

4. Connaissance des Temps, 1816; see also Mémoires de t Institut, 1812, 
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served at Greenwich with the new transit instrument between the years 
1816 and 1826%. The corrections he obtained for the elements agreed 
very nearly with those to which Burchardt was conducted. He also found 
for the mass of Venus a value equal to Burchardt’s, bit ké concluded that 
the mass of Mars should be diminished in the proportion of 22 to 15. 
Delambre, in his tables, had fixed the coefficient of the lunar equation at 
4.5; Mr. Airy, by a method of great elegance and simplicity, obtained 
a correction which reduced it to 6.4. Having discovered a series of 
anomalies in the mean longitude, he was led to suspect that they pro- 
ceeded from an inequality of long duration, depending on the disturbing 
action of some of the planets. It finally occurred to him that an in- 
equality of this nature is occasioned by the action of Venus, and that it 
might possibly be of such magnitude as to account for the errors of the 
tables. Among the terms of the disturbing function there is a certain 
class in which the time (under the symbols, sine, and cosine) is multiplied 
by the difference between thirteen times the mean motion of the Earth, and 
eight times the mean motion of Venus. This quantity being @ very small 
fraction, Mr. Airy perecived that the operation of two successive integrations 
- would introduce very minute divisors into the corresponding terms of the 
longitude. The terms i» other respects are very small, for their arguments 
indicate them to be only of the fifth order, relative to the eccentricities and 
inclinations. It became then a matter of calculation to ascertain whether 
the increase which they acquired by double integration ‘would so far com- 
pensate for their extreme minuteness, as to give rise to an inequality of 
sensible magnitude. ‘This arduous task was performed by the eminent 
geometer above mentioned, and the results obtained by him entirely justi- 
fied his previous suspicion, He found that the terms represented an in- 
equality in the Karth’s longitude equal to 2”.05 ; he also obtained a similar 
inequality for Venus, depending upon the reciprocal action of the Harth, 
and amounting to 2”.9.. The period in each case extends to 240 years. 
These inequalities vanished in 1742, and attained their maximum values 
in 1802. Mr. Airy remarks, that if the mean motions of the two planets 
had been derived from a comparison of Bradley's observations, with those 
of recent years, the longitude of the Earth at the time of the next transit 
of Venus in 1874 would be too small by 4”, and that of Venus too great 
by 6”; and these errors would occasion a derangement in the geocentric 
longitude of the latter planet, amounting to between 20” and 30}, This 
inequality is exactly similar to the long inequality of Jupiter and Saturn, 
but the labour éf computing it is vastly greater. We must admit that 
its detection reflects the highest honour on the sagacity of Mr. Aigy, 
especially when we consider the very minute form under which it appeatd 
among the observations, and the slowness with which it is developed. 
The comparative magnitude of this incquality shews how unsafe it is to 
estimate the perturbations of a planet by the mere order of the terms re- 
lative to the eccentricities and inclinations. In the theory of Venus the 
greatest inequality among the terms of the second and third orders does ” 
pot amount to 1.4; and all the inequalities depending on the terms: of 
the fourth order fall below 0”.1. In the theory of the Earth the contrast 
is still more striking. The greatest inequality among the terms of the 
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. 
second order is equal only to 1.07; and all these depending on the terms 
of the third and fourth orders are less than 07.1, 

The researches of geometers on the perturbations of Mars have not led 
to any interesting results ; they form a striking contrast in this respect 
with those memorable researches in connexion with the same planet by 
means of which Kepler was conducted to his great discoveries relative to 
the fundamental laws of the motions of the plaffets and-the forms of their 
obits. ‘The perturbations produced by this planet in the motions of the 
other bodies of the system are so small as to render the determination of 
its mass exceedingly difficult. Laplace effected this object by the aid of 
the hypothetic principle that the densities of the planets vary in the in- 
verse ratio of their mean distances from the sun. In this manner he ob-‘ 
tained + 47] aay for the mass of the planet Delambre, by comparing 
Laplace's formula of the Earth's perturbations with the solar observations 
of Bradley and Maskelyne, was indueed to fix the mass at soyh aay tb 
Burehardt by a similar process chtained, hoswy for its trac value !. 
The accordance between theso results is sufliciently satisfactory ; but My. 
Airy has inferred from his researches on the solar theory that Delumbre's 
estimate should be. diminished in the proportion of 22 to 15. It is for- 
tunate, as in the case of Mercury, that the disturbing effects of this 
planet are so insignificant as to dispense with the necessity of extreme 
aceuracy. ; 

In the theory of Jupiter the most important point is the long ine- 
quality depending on the action of Saturn. ‘this inequality is mainly 
contained among the terms of the third order relative to the eccen- 
tricities and inclinations; but Laplace suspected that the terms in- 
volving the fifth powers of the eccentricities might also be sensible, 
Burchardt performed the laborious operation of calculating these terms, 
hut unfortunately he applied them with the wrong sign. Laplace soon 
afterwards noticed this cireumstance in a supplement to the third volume 
of the Mécanique Céleste, and he shewed that, when it was duly taken into 
account, the theory would present a most satisfuetory accordance with a. 
conjunction of Jupiter and Saturn observed hy Ibyn Jounis, at Cairo, 
towagds the close of the eleventh century. - That astronomer has assigned 
1439” as the excess of Saturn's Seocentric longitude over that of Jupiter 
on the 31st October, 1087, at 164 mean time of Paris. Now, when the 
places of the two planets were calenlated by theory for the same epoch 
previous to the detection of Burchardt's error, the excess of longitude was 
found to amount only to 729”. When the effect of that error, however, 
wag subsequently taken into account by Laplace, the same quantity rose to 
1T7”, The difference between this result of theory and the recorded 
excess of longitude amounts to 322” or 57 22%, a quantity which falls 
considerably within the errors of the observations of ‘the Arabian 
astronomers, 
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* Méc, Cét., liv. vi. chap. ix. ot x.3 Théoric Analytique du Systéme de Monde, liv. 
chap. xiv. et xy.’ The largest incqualities in Venus and the Earth depending on the 
terms of the third order are due to the disturbing action of Mercury, The reciprocal 
action of these planets oceasions analogous inequalities in the motion of Mercury, the 
maximum effect of Venus amounting to 8”, but that of the Earth only to 0”.5, 

+ Méc. Cél., liv. vi. chap. vi, . ¢ Tables du Soleil, 1806, 

§ Connaissanee des Temps, 1816, Pontécoulant ‘attributes this value to Bessel 
(Théorie Analytique da Systéme du Monde, tome ii. p. 346); but as it is less than 
Delambre’s exactly by ith, whith was the correction obtained by Burchard, it is clear that 
we ought to read for Bessel’s pame thet ofthe le a 
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Jn 1824, Plana having raisetl an objection against Laplace's reseatches 
on the part of the long inequality of Jupiter and Saturn depending on the 


‘square of the disturbing force, a controversy arose, in which these. two 


geometers, as well as Poisson and Pontécoulant, took pat, and which finally 
terminated in establishing the point at issue in a more satisfactory state *. 

The most important ymprovement which the theory of Jupiter:.has 
received in ‘recent times consists in a correction of the value of his mass. 
This element may be determined by means of the perturbations which the 
planet occasions in the motions of the other bodies of the system. Tt .maay 
also be found by comparing the periodic time and mean didtance.of one of 
the satellites round its primary with the periodic time end mean distanee 
of the planet round the sun. This was the method which Newton.em- 
ployed in the Principia. Having assumed that the period of the fourth 
satellite amounted to 164.6888, and its greatest heliocentric elongation 
to 8’ 15”.85, he hence concluded that the mass of. the planet was: equal:to 
ry the sun's mass being represented by unity}. This value was:found 
by Laplace to agree very nearly with that derived from the perturbations 
of Saturn, and was introduced by him into the calculations of the Mécamique 
Céleste. Astronomers, however, subsequently discovered that it was irre- 


_ ‘concileable with the perturbations occasioned by the planets in the motions 


of the other bodies of the system. In 1826 Nicolai concluded froma the 
Veliko of Juno: that the mass of Jupiter was equal to ett: 
pout the same time Encke obtained ;,);5 for the value. ofthe mass by 


“means of the perturbations of Vesta ; while his researchesottishe motion of 


the comet which bears his name assigned --;1,z 08 the.tra¢value. These 
results, agreeing all so nearly with each other, dedved bdditional confirm- 
ation from the researches of Gauss on the pertatbations of Pallas. . It 
now became exceedingly desirable to verify the original determination: of 
the planet's mass which presented so considerable a discordance with these 
results. The observatipha on the fourth satellite which formed the data of 
Newton’s-inveatigation were made by his contemporary, Pond; but these 


+ vould. hasdly-be expected to possess the accuracy attainable by astronomers 


#W'the present day. Mr. Airy, suspecting that the discordancé might be 
Seated: to.an error in Pond’s observations, undertook a series of measure- 
Hints of the clongations of the fourth satellite, and arrived at a result 
“which accorded very satisfactorily with that derived from the perturbations- 
of the smaller planets. The mean distance of the satellite from its 
primary as indicated by these elongations assigned +5;4.75 88 the mass.of 
‘the planet. Mr. Airy subsequently undertook a more extensive course of 
observations on the satellites, and derived from them a similar reguit. 
Bessel also about the same- time measured the elongations of the sitel- 
lites, and obtained 54<1.5-; for the mass of the planet, a result differing 
only about a thousandth part from Mr. Airy’s. Thus a serious sotree of 
perplexity has been in a great measure removed from Physical Astronomy 
by these researches, for the mass of Jupiter is so considerable that a small - 
error in its value might occasion a very sensible discordance between the 
observed and calculated perturbations of some of the planets. The only 
difficalty which still remains in connexion with this question arises from 
the anomalous result derived from the perturbations of Saturn, Bouvard 
having by this means obtained ,,1,5 for the value of the mass. It is to 


* Mem. Astr. Soc., vol. ii, In the same r Plaga points out several other in- 
accuracies into which Laplace had fallen in the Mécanique Ceeste : mage 
+ Princip. liv. iii. prop. viii. cor. i, . 
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be hoped that the planet Neptune will be*found to derange the motion of 
Saturn to such an extent as to account for the errors of perturbation 
which arise from the assumption of the more probable value of Jupiter's 
mass. 

The theory of Saturn is so closely linked with that of Jupiter, that any 
remarks relative to the perturbations of one of the planets are generally 
applicable to those of the other. The masses of the two planets have also been 
determined by similar methods. Newton obtained sor for the mass of 
Saturn, by assuming that the period of the sixth satellite amounted to 
54,9453, and its greatest elongation to 3/.4’*. The latter quantity, 
however, considerably exceeds the real value, and therefore the results 
derived from it were erroneous. Laplace supposed the elongation to be 
equal only to 2’ 69’, and hence inferred that the mass of the planet is 
equal to sJyat. Bouvard obtained ‘ss'rz_for the value of the mass by 

. means of the perturbations of Jupiter. This result is confirmed by the 
revearches of Bessel, who has been conducted to a mass equal to srg/5.5 
by'a careful measurernent of the slongations of the sixth satellite. 

In 1808, Bouvard published tables of Jupiter and Saturn, but they ware 
sven: feundte bexvitiated by the errors in the theory of both planets, ta 
Waidhvedlimion: has already been made. This defect was remedied by: the 

, eebronomer just cited, who in 1821 published tables of the planéta 
adapted to the corrected theory. Mr. Adams has recently discovered an 
important error in the tables of Saturn. While engagedgin researches 
on'the motion of that planet, he found that the calculated values of one of . 
the terms of the perturbation in latitude were totally irreconcileable with 
the formula from which they were professedly derived. He has explained 
the probable origin of this discordance, which is somewhat curious t. 

Until very recently the theory of Uranus has occasioned much trouble - 
to-astronomers. ‘Tabies of the planct were published by Delambre in 
1790, and by Bouvard in 1821; but, notwithstanding the care and 
skill which had been employed in their construction on each of these 
oocasions, it was found that they failed to represent the actual motion. 
Trregularities were indicated by the observations, which- could not be 
accounted for either by the principles of elliptic motion,-or by the disturb- 
ing action of the other bodies of the system. Without pursuing this 
interesting subject further at present, we shall merely state that these 
anomalous errors in the motion of Uranus have led to the discovery @ priori 
of a new planct exterior to it. In the ensuing chapter we shall give a 
detailed account of the circumstances connected with this remarkable 
result of the theory of gravitation. ‘ 

Astronomers have -not yet arrived at a sufficiently satisfactory result 
relative to the mass of Uranus. Sir William Herschel having announced 
that the fourth satellite revolved round the planet in 134.4559, and that 
its greatest heliocentric elongation was equal to 44.238, Laplace hence 
concluded that the’ mass of the planet was equal to sotox||. Bouvard, on 


* Princip., liv. iii. prop. viii. cor. i. + Mée. Cél., liv. vi. chap. vi. 
f The principal terms of the perturbation jn latitude are—- 
97.67 sin. (@—2 g/— 60°.29) + 287.19 sin. (294g! 4. 66°.12) 
where 9 9’ denote the mean anomalies of Saturn and Jupiter. In tabulating the last ters, 
Bouvard appears to have employed g—2 % instead of 29-4 ¢’, 80 that the two terms 
may be united i i tm, represented by 25’.85 sin (@—2 9’ + 487.98). The * 
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the other hand, has obtained ;+,, for the value of the mass by means of 
the perturbations produced by the planet im the motion of Saturn. It is 
to be hoped that the researches on the satellites, in which M. Otto Struve 
is known to be engaged at present, will lead to more satisfactory results 
relative to this important point *. . 

The theory of the smaller planets still continues in a very imperfect 
state. This circumstance is attributable to the magnitude of the eccen- 
tricities and inclinations, in consequence of which the distarbing function 
converges with such slowness as to render the usual methods of approxima- 
tion generally inapplicable. The only one of the ancient planets.which 
pears any analogy in this respect to those more recently discovered is 
Mercury ; -but in this case the disturbed body is so near the sun, and at 
the same time so remote from the larger planets of the system, that its 
perturbations are very insignificant, and a small number of the terms of 
the disturbing function suffice for the calculation of all the inequalities | 
thatare of sensible magnitude. The smaller planets, on the other hand, 
all revolve in the region comprised between the orbits of Mars and Jupiter, 
and on this account. their elliptic motions are very much deranged. by 
the powerful action of the latter planet. Attempts have frequently been 
made to investigate the perturbations of these bodies by the usual methods 
of approximation, but their places when thus determined have been found 
very soon to present a marked discordance with those. indicated -by actual 
observation. .The perturbations of Vesta, Juno, and Ceres, have been com- 
puted with more or less success by Daussy, Santini, Damoiseau, and other 
geometers; but those of Pallas, which revolves in.an orbit, inclined at an 
angle of 84° to the ecliptic, have deterred even the most persevering analysts 
from undertaking their complete investigation. In recent times, attention 
has been principally directed towards the algebraic form of the disturbing 
function, with the view of devising modes of development, which shall be 
practicable whatever be the magnitude of the eccentricities and inclina- 
tions. The researches of Cauchy, Liouville, Le Verrier, Hansen, and 
Lubbock, in connexidn with this subject, have resulted in various ingenious 
processes by means of which it is to be hoped that this part of the planetary 
theory will soon attain a degreo of perfection, equal to that which is, so 
conspicuous, when the question relates to the perturbations of the larger 
bodies of the system. Le Verrier has applied his method to the com- 
putation of a remarkable inequality in the mean motion of Pallas, occa- 
sioned by the disturbing action of Jupiter. This inequality dependa upon 
the near commensurability of the mean motions of Jupiter and Pallas. 
Highteen times the mean motion of Jupiter, ntinus seven times the mean 
motion of Pallas, forms a quantity which amounts to only +45th of the 
mean motion of the Jatter planet. Now, as this quantity appears in the 
disturbing function under the symbols sine and cosine, the operation of 
two successive integrations will introduce its square into the denominators 
of the corresponding terms of the longitude. This circumstance may cause 
the term sto acquire a sensible magnitude, although in other respects 
they are very inconsiderable, being, according to the theory of planetary 
perturbation, only of the eleventh order with respect to the eccentricities 
and inclinations. Le Verrier shewed it to be one of the advantages of his 
method, that the great inclination of the disturbed planet, so far from 

* Dr. Lamont, of Munich, by observing the elongations of the satellites, has obtained a 


value for the mass of the planet considerably less than either of those mentioned in the 
text. Sec Mem. Ast. Soc.. vol. xi. 
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forming a barrier to his researches, on the contrary,- conduced to their 
simplification. .He found the greatest value of the inequality to amount 
to 896”, or 14’ 56,” and its period to upwards of 675 years. This in- 
equality is manifestly similar to several others of long duration, to which 
we have already had occasion to allude, but it differs from them in so far as 
the particulars relative to it are not susceptible of being tested by observa- 
tion, on account of the short time that has clapsed since the discovery of 
the planet. As it was desirable to verify the calculations of Le Verrier, 
M. Cauchy determined the value of the inequality by a*method of his own, . 
and obtained a result which completely accorded with that of the original 
discoverer. 

The researches on the perturbations of the smaller planets gave rise to 

“an interesting discusssion among astronomers respecting the essential 
nature of the principle of gravitation. In 1826, Nicolai having com- 
pared the analytical expressions for the perturbations of Juno by Jupiter, 
with fifteen observed oppositions of the planet, met with such discordances 
as induced him to:suppose that the absolute attraction of J upiter on the 
son and‘on the planet were unequal, or, in other words, that the total 
anituut $f attraction exdited by one body upon another depended on the 
eas ‘of'thé matter contained in the attracted body, as well’as upon cits 
‘eins ity. This doctrine, being at variance with the fundamental priticipte 
of gravitation, attracted a considerable degree of attention on the occasion 
of its first announcement ; but the subsequent researches of astronomers 
have served to shew that it is untenable. Bessel, for this purpose, made a 
‘great number of experiments with pendulums, composed of different sub- 
‘stances, such as ivory, glass, marble @metcoric stones, &e.; but.he was 
‘unable to discover in the times of oscillation any indication that the in- 
tensity of the térrestrial attraction depended on ‘the quality of. the 
pendulous body. . 

“The theory of Comets depends on the solution of two problems of capital 
importance. The one relates to the investigation of ,the species of conic 
section, in which the comet moves, and the determination of the elements 
of the orbit; the other relates to the calculation of the effects produced by 
the disturbing action of the planets. Both of these problems have largely 
occupied the attention of geometers, front the establishment of the theory 
of gravitation by Newton, down to the present day. - The’ first solution of 
the problem for determining the orbit of a comet, by means of observa- 
tions on its motion, was given by Newton in the Principia. It was 
founded on the supposition, that the species of conic section, described by 
the comét, is a parabola. ‘This assumption conduced much to the simplif- 
cation of the problem, nor did it entail any sensible error on the ultimate 
results, when the eccentricity of the orbit is very great. On the other 
hand, the solution was defective, inasmuch as it assigned no means of 
ascertaining the value of the mean distance in the case of the orbit being 
really elliptic. This clement could only be determined by means of the 
relation between it and the periodic time, the latter being deduced from 
the interyal comprised between two successive appearances of the comet. 
Various solutions of the same problems have been given by geometers 
since Newton's time, some of which are independent of any assumption 
with respect to the form of the orbit. The most celebrated of the latter 
class are those of Laplace and Gauss. 

The researches on the perturbations of comets offer diffierlHea nro. 
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As the usual solutions of the Problem of Three Bodies completely fail-in 
-this case, the effects of planetary disturbance are computed by the method 
of mechanical quadratures. We have already mentioned that Lagrange 
first presented this method in a systematic form. In 1810; Bessel 
published his famous researches on the comet of 1807. He concluded, 
from the observations, that the comet moved in an ellipse of. great 
eccentricity, In computing the action of the planets on it, he resotved 
the disturbing force in the directions of the radius vector, of a perpen- 
. dicular, to it, and’ a perpendicular to the plane of the orbit. He then 
determined, by the method of quadratures, the values of the elements 
for every thirty days during which the comet was within the sphere of 
planetary influence. He assigns 1543 years as the most probable value 
of the periodic time. A comet which appeared in 1815 was found by 
Olbers to revolve in an elliptic orbit with’ a period of about 72 years. 
The perturbations were computed by Bessel, whose researches on the 
subject appeared in the Berlin Memoirs for 1813*. Fresh elements 
“were computed for every 25 days during which the comet was visible ; 
for every year from 1815 to 183%, and for every two years throughout the 
remaining part of the orbit. He has fixed the 9th February, 1887, as 
the time of the next return to perihelion. In 1818, @ comet was dis- 
covered by Pons, the observed motion of which could not be reconciled 
with the supposition of a parabolic orbit. M. Arago remarked that 
its elements bore a strong resemblance-to those of a comet which 
appeared in 1805, and Olbers about the same time was led in a similar . 
manner to suspect its identity with a comet which appeared in 1795. 
“Encke found that the observatio&ts might all be satisfied by supposing 
the comét to move in an elliptic orbit, with a period of about three years 
and a half. He also computed the perturbations, taking into account the 
action of all the planets, with the exception of Uranus and the small 
bodies revolving between the orbits of Mars and Jupiter. The perturba- 
tions of Mercury were computed for cvery 4 days; those of Venus and 
the Earth for every 12 days; and those of Mars, Jupiter, and Saturn for 
every 36 days. This process was continued until the action of ‘the 
planets ceased to be sensible, after which the motion of the comet was 
referred to the centre of gravity of the sun and planets+. The comet, on 
the occasion of ‘its perihelion passage in 1822, was not favourable for 
observation in the northern hemisphere, but it was seen by Rumker at 
Paramatta in New South Wales. A comparison of the earlier with the 
more recent observations seemed to indicate that the period of -revolution 
was continually diminishing, and Encke was hence led to suspect the 
existence of a resisting medium. The perihelion passage of 1825 was 
‘not, favourable for deciding so delicate a question, but that of 1829 offered 
peculiar advantages for this purpose. In order to understand this, it is 
necessary to remark that the axis of the comet lies almost in the 
plane of Jupiter’s motion, and that the aphelion extends tery nearly 
to the orbit of that planet. Hence it is clear that, when Ji upiter is in that 
part of his orbit which is in the neighbourhood of the comet's aphelion, 
he will very much disturb the motion of the latter; and, if an erronéous 
value be assumed for his mass, the difference between the computed and 
observed places of the comet may he very, considerable, even inde- 


hs rth account of the progress of Astronomy, British Association Report for 1882. 
} Ibid, 
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pendently of the effects which might be produced by a resisting medium. 
This condition. was nearly fulfilled during the comet's revolution of 1819- 
22, on which occasion Encke, having computed the action of Jupiter by 
means of the ancient value of his mass, found that the error in the time 
of the comet's arrival in perihelion could not be wholly accounted for by 
the sypposition of a resisting medium. He now investigated the pertur- 
bations of the comet, assuming the existence of a resisting medium, and 
ascribing an indeterminate error to Jupiter's mass. Equating then the 
effects produced by these causes to the observed errors of the comet's 
motion, he obtained a number of equations of condition, the subsequent 
discussion of which conducted him to a most satisfactory conclusion, He 
now found for the mass of the planet a value which almost coincided with 
that. derived from the perturbations of the smaller planets; and this 
improved value, combined with the hypothesis of a resisting medium, 
adforded a complete explanation of the errors in the various revolutions of 
the comet. Comparing together the observed and computed places 
throughout three revolutions, he found.that the mean error of,a single 
place was only 18.3, whereas, by rejecting the hypothesis of a resisting 
medinm, the.error rose to,217”.6, The effect of the resistance is to 
shprten the time of each revolution by about half a day. 

» ‘The doctrine of a resisting medium has always been a favourite snidject 
of speculation with astronomers ; but of no occasion has it been supporte 
by evidence of such a plausiblp character ag in the example above cited. 
It is manifest, however, that morc extensive indications of such a medium 
‘must be discovered before the problem of its existence can be ¢on- 
sidered as having received a definitiye.solution. It has not yet affected 
to a sensible extent any of the other celestial bodies, and, until such 
is found to take place, the question relative to it must remain in 
abeyance. . 

On the 27th February, 1826, M. Biela, an Austrian officer residing at 
Josephstadt, in Bohemia, discovered in the constellation of Aries a round 
nebulous body, which appeared to him to be a comet. His suspicion was 
confirmed by a re-examination of the same object on the following evening, 
when he found that, during the period. that had elapsed since his first ob- 
servation it had advanced about a degree to the east of its original place. 
The comet was seen on the 9th March, by M. Gambart, at Marseilles; 
and, on the 10th, by M. Clausen, at Altona. Its elements, when calculated 
on the supposition of the orbit bemg a parabola, were found to resemble 
those of other two comets which appeared in 1805 and 1772. Gamhart 
and Clausen, therefore, simultaneously undertook the calculation of elliptic 
elements, and obtained results which not only agreed with each other, but 
algo satisfied the observations much better than the original elements. 
The mear period of a revolution was found to be shout 6% years. ~ 

M. Damoiseau computed the perturbations which the elements of this 
comet would experience during the revolution of 1826-82, and he found 
that it would again return to its perihelion on the 27th November, 1832*, 
‘The planets whose disturbing influence he took into account were Saturn, 
Jupiter, and the Earth. He found that the combined action of these 
bodies would have the effect of retarding the comet's arrival in perihelion 
to the extent of-9.6642 days. Some degree of alarm was excited by the 


* Mémoires de t Académie des Sciences, tome viii.; see also the Connaissance des 
Temps for 1830. . 
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announcement that the comet, a little before its perihelion passage, would 
cross the plane of the ecliptic at a distance of only 20,000 miles from. the 
Earth’s orbit, and near the place where the latter would then be’ moving. 
‘The results of exact calculation were sufficient, however, to dissipate all 
fears on this point, for it was found that the comet would eross the ecliptic 
on the.29th October, 1832; but that the Earth would not arrive at the 
same place until the 80th November. This comet returned agreeably to 
prediction, and has subsequently reappeared in 1839 and 1846. On'the 
Jast-mentioned occasion it underwent a singular transformation, having 
separated into two distinct comets, which continued to travel together at 
& mutual distance of 3’ or 4’ during the whole period: of their visibility. 
One of these objects was a little fainter than-the other, but each of them 
exhibited the distinctive features of a eomet:. The tails were parallel to 
each other, and extended ig.’ direetion perpendicular to the line joining 
the centres. of the nuclei. .This extraordinary change in the constitution 
ofthe camel wppears to have taken place very suddenly. It was first ob- 
wevelig,Burope on the 15th of January, 1846, by Mr, Challis of Cam- 
bridge, and M. Wichmann of Kenigsberg; but it was afterwards found 
that it had been seen on the 12th of the same month by Lieutenant 
Maury, at the Observatory of Washington, in the United States, M. 
Plantamour of Geneva determined the elements of each comet by obser: 
vation, and then computed the perturbations occasioned by: the" Barth, 
Jupiter, and Mars. The motions of both ogmets, when:caléalated by this 
progesa, ugreed -very closely with their observed motions for the Whole 
eee :they were visible. M. Plantamour found that the 
\ Sbshitte Histancd between each nuoleus: was constantly the same, and was 
equal to about two-thirds of the radius of the lunar orbit. : 

The approaching return of Halley's comet in 1835 excited a lively in- 
terest in the scientific world, and a strong desire was felt that the pertur- 
bations of its elements should be computed. The data necessary for this 
purpose are the elements of the comet corresponding tothe time vf ts 
perihelion passage in 1759. These are readily deducible from the obser- 
vations of that year with the exception of the major axis. . This element 
may be determined by assuming as the major axis corresponding to the 
perihelion of 1682 the valuc indicated by the time of revolution between 
1682 and 1759, supposing the comet to move in’ an ellipse, and then 
applying to it the perturbations it would suffer from the ‘action of the 
planets during the same period. But these perturbations cannot be 
computed without a knowledge of the fundamental’ values of the other 
elements, It is clear, then, that in order to obtain a complete set of 
data for calculating the perturbations of the comet relative to its perihelion 
passage in 1835, the geometer must possess a knowledge of the perihelion 
elements for 1682. In the Connaissance des Temps for 1819, Burchardt 
has given the elements for 1682 and 1739. His results relative to 1682 
are founded on the observations of Flamstead, and those relative to 1759 
on the observations of Messier. 

A comparison of the three revolutions of this comet comprised between 
the yéars 1531, 1607, 1682, and 1759, affords a striking indication of the 
powerful perturbations which it experiences from the action of,the- planets. 
The first of these periods includes 27,811 days; the second 27,852 days; 
and the third 27,937 days: thus the first exceeds the second by 469 days, 
and falls short of the third by 126 days. It was clearly impossible, there- 
fore, to arrive at any accurate conclusion relative to the next réturn of the 
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comet by means of these data alone, or even to affirm that the revolution 
subsequent to 1759 would be longer or shorter than the preceding, revoli- 
tion. In 1812 the Academy of Turin proposed as the subject of a prize, 
the perturbations of Halley's comet. The prize was awarded to Damoi- 
seau, whose investigation was subsequently published in the Turin Me- 
moirs for 1817. He determined the value of the major axis, at the time 
of its perihelion passage in 1759, by computing the action of the planets 
on it throughout the preceding revolution. Setting out, then, from the 
complete elements of 1759, he computed the alterations they would suffer 
throughout the time which would elapse until the comet would. again 
arrive in perihelion, The method he employed in his researches is 
founded on the variation of ‘elements, and coincides essentially with that 
explained by Lagrange in 1780. He did not, however, adopt the, mode 
of proceeding suggested by that geometer for the superior part of the 
orbit, preferring to execute the whole of the calculations by the safer 
though mere Isborious process of mechanical quadratures. In computing 
the perturbations of the major axis from 1682 to 1759, he changed the 
éleménts-only once, ‘but, in performing a similar operation upon all the 
elesnenteithrodghowt: the sevolution subsequent to 1759, he used the cor- 
reéted :elarhetite ‘xt every 80° of-eccentric anomaly. ‘The planets. whose 
aetioh: he took into account in his original memoir were Jupiter, Saturn; 
and Uranus; and his final result relative to the time of return was, that 
the comet would pass its perihelion on the 16th November, 1835. Dis- 
cgveffing on a subsequent occasion that the Earth would exercise a sensible 
disturbance on the comet after it had passed its perihelion in 1759, he 
computed the derangement arising from this cause, aud found that it 
would have the effect of shortening the next revolution to the extent of 
12 days. Hence, according to his previous conclusion, the passage of the 
perihelion would take place on the 4th November. 

The researches of Eincke having rendered probable the existence of a 
resisting medium, the return of Halley's comet was anxiously looked 
forward to by astronomers, under the impression that it would throw some 
light upon this interesting question. It was principally with this object 
in view that the Academy of Sciences of Paris proposed the perturbations 
of Halley's comet as the subject of a prize. After twice offering tite 
puize without obtaining any competitors, the Academy finally awarded it, 
in 1829, to M. Pontécoulant. The details of this geometer'’s researches 
were published in the sixth volume of the Mémoires des Savens Etrangers. 
He assumed, as the basis of his calculations, the elements of Burchardt 
for 1682 and 1759, and computed the perturbations by a process similar 
to that employed by Damoiseau. He found that the contet would pass its 
perihelion on the 7th of November, 1835. In the Connaissance des Temps 
for 1887 * he corrected this result by taking into account the action of 
the Earth kefore the perihelion passage of 1759, and by employing, instead 
of Bouvard’s value of Jupiter's mass, that-which ‘Nicolai had recently 
deduced from the perturbations of Juno. His final conclusion was that 
the comet would pass its petihelion on the morning of the 14th of No- 
vember, 1835. 

The perturbations of Halley’s comet formed also the subject of pro- 
found investigations by Lehmann and Rosenberger, two German mathe- 


* Published in 1834. 
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maticians of great eminence. The researches of Rosenberger were mora 
complete than those of any of his contemporaries. He determined the 
elements of 1682 and 1759 by an able discussion of all the observations 
that were in each case available to him. He also computed the perturba- 
tions occasioned by Mercury, Venus and Mars, as well as those due. tg the - 
larger planets of the system. 

It was announced by astronomers that the comet, if visible at all to the 
naked eye, would be so about the middle of October, when it attained its 
_ nearest distance to the Earth. The event fully justified this prediction. On 
the evening of the 5th of August the comet was seen for the first time, at 
the Observatory of Rome. It gradually increased in brilliancy ontil it 
finally was visible to the naked eye in the beginning: of October. 
By the 12th of that month it appeared like a star of the second 
magnitude, and was accompanied by a tail seven or eight degrees 
long. It soon afterwards plunged into the rays of the sun, and 
ceased to be visible; but it was again discovered by astronomers early 
in the following year, after passing its perihelion. On account of. its - 
southern declination, its reappearance was not favourable for observation 
in Europe, but it was seen to great advantage at the Cape of Good Hope 
by Mr. Maclear, the Astronomer Royal for that station, and also by Sir 
John Herschel, who was then engaged in prosecuting his sidereal observa- 
tions in the southern hemisphere. ‘These astronomers continued to 
observe it until the 5th of May, 1836, when it finally ceased to be visible *, 

The, various calculations which have,been undertaken, for the purp®&e of 
determining the elements of this famous comet by means of the observa- 
tions made on the occasion of its last appearance, generally concur in 
assigning noon of the 17th of November ag the instant of the perihelion 
passage. This result presents a very satisfactory agreement with that 
which we have seen that Pontécoulant arrived at by the aid of theory. 
Having subsequently revised his calculations, this geometer rendered the 
accordance still more complete. By employirig improved values of the 
masses of the perturbing planets, he found that the passage of the perihe- 
lion would take place at noon on the 16th of November t. ee ae 

It must be ackowledged that Rosenberger's result did not coincide so 
clesely with that derived from observation, notwithstanding the elaborate 
character of his researches. In consequence of the errors which in- 
evitably affect all observations in a greater or less degree, and the uncer- 
tainty which axists respecting the real values of the masses of the planets, 
it is not to be expected that an error of a few days may not occur in the 
calculated time of the comet's return. ‘The fidelity with which it responded 
to the deductions of the geometer on the occasion of its last appearance 
forms one of the many magnificent triumphs which adorn the history of the 
Theory of Gravitation . 


e 

* Some interesting particulars relative to the physical changes which this comet under~ 
went, during the périod of its visibility, are contained in Sir John Herschel’s Account of 
Astronomical Observations at the Cape of Good Hope. 

+ See the Cornaissance des Temps for 1838. "In this final revisal of his researches 
Pontécoulant employed the masses of Saturn, Jupiter, and the Earth, as assigned severally 
by Airy, Bessel, and Encke, 7 

$ The following statement of the elements of the cqmet, derived from the observations 
of 1759 and 1835, and thé elements for 1833 as assigned by the theory of gravitation, 
will at once indicate the magnitude of the perturbations which the motion of the comet 
experiences, and the accuracy with which they have been computed :— 
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On the 22nd of November, 1843, M. Faye, of the Royal Observatory of 
Paris, discovered a comet, the motion of which could not be reconciled 
with parabolic elements. Dr. Goldsmicht,a German astronomer, shortly 
afterwards found that the observations might be satisfied by supposing the 
comet to move in an ellipse with a period of about 74 years. Le Verrier 
has calculated the perturbations of this comet, and has fixed the 4th of 
April, 1851, as the time when it will return to its perihelion. He found 
that the action of the planets would retard its arrival 7.67 days. 

We have alluded ou a former occasion fo the comet of 1770, generally” 
known as Lexell’s comet, which was rendered visible by the action of 
Jupiter in 1767, and was subscquently thrown into an orbit of larger 

+ dimensions, and rendered invisible by the action of the same planet. in. 
1779. The discovery of. a new comet revolving in an elliptic orbit nearly 
equal “in magnitude to the orbit of Lexell’s-comet, and occupying the 
same region of the heavens with it, induced some astronomers to suspect 
that: the @wo bodies were identical. M. Valz of Marseilles appears to 
have first advanced this hypothesis. He remarked that, by supposing a 
slight increage in-the period of Faye's comet, it would. have approached 
vYery.naar-to Jupiter in the year 1815, and would have been.so powerfully 
disturbed: by. that: plane}, that if it had. been previgusly revolving in 
an orbit of wider dimensions it would have been thrown by the eetion of 
the planet into the small ellipse in which it is now moving. Considering 
next the effect produced on Lexell'’s comet by the action of Jupiter in 
1779, he found by means of Burehardt’s data that the new ellipse into 
which the comet was then throwu would have a period of rather more than 
sixteen years. Hence, when the comet had made a little more than two 
revolutions, it would have again arrived in a position favourable for the 
action of Jupiter, and would be thrown into the smaller orbit in which it 
was moving previous to 1779. -Comparing the elements of this orbit with 
those of the orbit in which Faye’s comet moved, he conceived that the 
resemblance was so stron as to justify the conclusion that the two orbita 
referred to the same comet, the one being periodically convertible into 
the other by the disturbing action of Jupiter. This idea was no less 
novel and ingenious than it was interesting and plausible ; but, as it rested 
merely on @ rough estimate of Jupiter's influence during the period com- 
pxised between the actual appearances of the two comets, it could not be 
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recognised as an established truth in physical astronomy. The subject * 
was one well adapted to the searching powers of a Laplage or a Poissén, 
and in their countryman, M. Le Verrier, astronomy found on the present 
occasion a worthy representative of these illd&trious geometers. ‘The 
mode of proceeding which Le Verrier proposed to adopt ‘in this inquiry 
was first to determine the effect produced by Jupiter on Lexell’s coniet, 
from its discovery in 1770 unftil the action of the planet ceased to be 
sensible, and then to trace back the elements of Faye’s comet through the 
various revolutions comprised between the appearance of that body in 1848, 
and the epoch down to which he had conducted his researches on Lexell’s 
comet. If the ultimate elements of Faye’s comet, when thus determined, 
-were found to coincide with those of Lexell's for the same tpoch, it might - 
then he concluded that, the two comets were identical; but on the other , 
hand, if they exhibited discordances which could not be accounted for by 
any admissible supposition of errors, whether of observation or calculation, 
it must necessarily follow that the comets were two distinct b@lies. Le 
Verrier found that the ultimate results would be very-much affected by 
the errors in the original elements of both comets, for the effects of these 
errors continually increased with the lapse of time, insomuch that in some 
instances a very small variation ‘of the fundamental elements would be 
sufficient to alter entirely the character of Jupiter's influence. The in-” 
vestigation was therefore much more complicated and the conclusions less 
definite than might have been expected if the data had been more precise. 
Le Verrier having submitted to a careful discussion the observations of 
1770 on Lexell’s comet, determined by means of them the elements of 
the orbit, and then investigated the action of Jupiter‘on the comet. He 
found that, when the latter arrived within the sphere of the planet’s in- - 
fluence, it was compelled tb deviate from its elliptic orbit, and described 
an hyperbola round the planet. The errors of the elements might even 
be such that, after the action of the planet ceased to be sensible, the comet 
would still continue to move in an hyberbola, and in that case would never 
again return to the solar system. Le Verrier computed the elements of 
the comet for the tite when it quitted the sphere of Jupiter's influenice, 
and then compared the results with the ‘elements of Faye’s comet, the 
latter being traced up to the same epoch through the various-révolutions 
‘anterior to its appearance in 1843. He found that, upon any possible 
supposition of tlie errors of observation, the elements of Faye’s comet could 
not be reconciled with those of Lexell’s, and he therefore came, to ,the 
conclusion that they were two distinct bodies. 

It is possible that Faye's comet may have originally emerged from the 
boundless regions of space describing a parabola or hyperbola having the 
sun in the focus, but that on its arrival within the sphere of Jupiter's in- 
fluence it was thrown into a new orbit by the powerful action of that 
planet, and was permanently fixed in the solar system. If the funda- 
mental elements of the comet were mathematically accurate, this question © 
might be decided, at least for any determinate period, by tracing back the 
eomet through the various revolutions anterior to 1848. The errors, 
hewever, with which the elements are affected by the inevitable errors of 
observation, impart so indeterminate a character to the results, that, even 
if the comet had been so introduced into the solar system, it would have 
been impossible to ascertain-the exact time when this event happened. 


But although the question does not admit of a definitive solution, on 
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7 very plausible, for the eccentricities of both orbits were almost the § 
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- sible to assign the minimum time during which the comet has been re- 


Volving within the limits of the solar system. Le Verrier found that it 
must have been” introduced into the system at least as early as the year 
1747; whence it followed that it had made at least thirteen revolutions 
in an elliptic orbit previous to its discovery. : 

The interest excited by the periodic comet of 1848 hid only abated in a 
small degree when the solar system was enriched by another discovery 
of the same class. On the 29th of August, 1844, De Vico, the director 
of the Observatory at’ Rome, discovered a comet, which*was soon’ after- 
wards found by M. Faye to revolve in an ellipse with a perigd of about five 
years and a half. MMs Laugier and Mauvais, of the Royal Observatory of 
Paris, instituted’ a comparison between the elements of this comet and those 
of one observed in ‘1585 by Tycho Brahé and Rothmann, Halley had cal-" 

*culated the elements of the last-mentioned comet on the supposition that 
it revolved in a parabola, but the French astronomers shewed that the 
motion mjght be satisfied better by an elliptic orbit with a period of five 
years and two months. From the close resemblance which the elements 
of this comet bore to those of the comet of 1844, MM. Laugier and 
Mauynis , ee ‘that the two bodies were identical, the actual dis- 

cordanices of a6 elements beirig ascribed by them to the effects of play tay 
perturbation, “The grounds upon which this conclusion rested were, : 

0, 


rhe, 
the places of the perihelia did not differ more than 80°, and the ‘distance 
between, the nodes was only 22°. It is manifest, however, that the 
identity could only be established beyond all doubt by a comparison of 
the elements of both comets when rigorously determined for some 
common epoch. Le Verrier investigated the subject by tracing ‘back 
the comet of 1844 through the anterior revolutions up to 1585, and 
then comparing the elements for that epoch with those of the recorded 
comét. The results at which he arrived shew how unsafe it is in researches 
of this nature to adopt any conclusion which is uot verified by rigorous 
calculation, ‘As we have mentioned already, the distance between ‘the 
perihelia of the comets observed in 1844 and 1583 was only 30°, and it 
was reasonably enough supposed that this displacement might have been 
produced by the action of the planets. Le Verrier, however, found that, 
when the orbit of the comet of .1844 was traced back, the perihelion, 
instead of approaching towards that of the comet of 1585, on the contrary 
‘ receded further and further from it, insomuch that, at the epoch of 1585, 
the perihelia of the two comets were diametrically opposite to each other. 
The nodes also of the comet of 1844 continually receded from those of the 
comet of 1585, so that, in order to coincide with the latter at the epoch of 
comparison, they would require to move through 388°, and not 22° during 
the period comprised between 1844 and 1585. The elements of both 
comets, when thus determined for the common epoch of 1585, offered dis- 
cordances of such magnitude as appeared to Le Verrier to be incompatible 
with identity, and he therefore came to the conclusion that the two comets 
were totally distinct bodies. He also ascertained in the course of the 
game researches that the comet of 1844 was not identical with Lexelf 
comet. He discovered, however, such a strong resemblance betwéen 
_the’-elements ‘of the new comet and those of a comet observed in 
1678 by La Hire, that he considered himself fully justified in concluding 
that they wereidentical. ‘Thus, although the comet of 1844-has doubtless 
frymadia nart of the solar svctem for many aces. and has freauently an- 
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appearance previous to the year 1844. The planet Jupiter, which in all 
probability chained it down orginally to the system; will one day act upon 
it with equal intensity, but in an opposite direction, and we may reasonably 
presume that, when it has escaped from his influence, it will again fly off 
into infinite space, describing a parabola or hyperbola. 

The theory-of Jupiter's satellites has not received any material impfove- 
ment since the publication of the Mécanique Celeste.. In 1817.Delambre 
published new tables of the satellites founded on all the eclipses that had 
been observed frdm 1660 down to the commencement of the present century. 
These were succeeded by Damoiseau’s tables which appeared in 1836. 

~ The satellites of Saturn have hitherto occupied the attention of geométers 
only in a very small degree. This has chiefly arisen from the sntall pro- 
gress mado by astronomers in determining by observation thé elements of 
their motions, and -in tracing, a posteriori, the more vonsiderable in-* 
equelities resulting from their mutual perturbation. We have seen a 
striking proof of the utility of observation for both these purposes, in'thé 
history of Jupiter's. satellites. The influence of the spheroidal figure of 
Saturn is clearly indicated by the positions of the ring and the orbits of 
the interior satellites, which coincide almost with the plane of his equator. 
As the satellites recede from their primary, the aba | action of the | 
“sun increases relatively to that occasioned by the sphcroidal figure of ‘thé 
planet, and the orbits commence to deviate sensibly from the plane‘of’ his 
equator, and to incline towards that of the ecliptic. The sixth, or Huy- 
jenian satellite, which is the brightest of all, and therefore the most 
wourable for observation, has formed the subject of at elaborate investi: 
gation. by Bessel. . From the motion of the sapsides of this satellite, he 
concluded that the mass of the ring amounted to ty Of theplanet’s mass. 
He also obtained for the latter a value agreeing very nearly with that 
deduced by Bouvard from the equations of condition employed in the con 
struction of Jupiter's tables. Some valuable observations of the satellites 
were made by Sir John Herschel in the course of his residence at the 
Cape of Good Hope. From those of the sixth satellite he derived elements 
which agreed very nearly with the values assigned by Bessel for the epoch 
of 1880, taking into account the variation of each element during the inter- 
mediate period. He also computed the epochs and mean motions of the 
other satellites, and obtained results which accorded very well with those 
dedueible from the earlier observations of Sir William Herschel. 

If the theory'of Saturn’s-satellites is still in its infancy, the remark 
applies with still greater force to the satellites of Uranus. ‘These bodies 
can only be rendered visible by means of the most powerful telescopes, ‘and 
therefore it may ‘naturally be presumed that a considerable time will elapse 
before a correct theory of their motions be formed. When their elements 
are once determined by observation, they will offer peculiar interest to the 
geometer in consequence of their motions being tetrograde and the pleas 
of their orbits being nearly perperylicular to the plane of the ecliptic. 

‘The consummate researches of Lagrange left little to be accomplished 
i the theory of the Libration of the Moon. Poisson applied his powers of 
analysis to this interesting subject, but the results at which he arrived had 
only the effect of confirming those obtained by the illustrious geometer 
just mentioned *. Although the mean motions of the moon with respéct to- 
rotation and revolution be both equal to each other, atill the inequalities 
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in longitude will cause them to differ generally for any assignable time. * 
The longest axis of the lunar ellipsoid will therefore deviate always a little 
from the direction. of the earth’s action, and hence will arise a series of 
inequalities in the moon's rotation corresponding to her various inequalities 
in longitude, and causing a real libration in her motion. The magnitude 
of these inequalities manifestly depends on the figure of the moon, or in other 
words on the ratios of the three axes of the lunar ellipsoid. Hence, if the 
” ratios of these axes be known, we shall be enabled to compute the maxi- 
mum.values of the inequalities, and, vice versd, if the lattér be determined 
by observation, we can readily derive from them the ratios of the axes, and 
consequently the exact elongation of the moon's figure. Bouvard and 
Nioollet undertook for this purpose a series of careful observations of the 
moon’s libration in longitude at the Royal Observatory of Paris. The 
* Connatssance des Temps for 1822 contains a beautiful paper by. Nicollet, 
in which he submitted these observations (amounting in number to 174) 
to a searching discussion. The only sensible inequality was that cor- 
responding to the annual equation in longitude: it appeared by observa- 
tion to. have @ maximum value equal to 4’ 45”. The results at which he 
axvived relative. tothe raties of the ates do not accord with the generally 
edwtitted opinion respecting the primitive condition of the moon... He 
@ found, in faet, that the difference between the Jeast and greatest axes was 
. greater than what it would be on the supposition that the moon. was 

originally a fluid mass. ° : 

It has been well remarked by the illustrious Humboldt, that no inquiry 
in physical scienco can compare with that relating to the Figure-of the 
Karth in the disproportiongwhich exists between the ultimate object of 
attainment and the number of ingenious and refined processes both in 
mathematical and astronomical science, which the long and arduous pursuit 
of it has given birth to. ‘The theory: of this subject remains nearly in the 
condition in which Clairaut left it, for the researches of Laplace, notwith- 
standing the remarkable character of the analysis employed in their expo- 
sition, contributed only in a small degree to its advancement. We have 
mentioned in one of the foregoing chapters that the attraction of elliptic 
spheroids -is intimately associated with the question of the figures of the 
celestial bodies. The most important improvement which this part of the 
theory of gravitation has received in recent times is due to the late Mr. 
Ivory*. The problem for determining the attraction of a spheroid upon a 
particle situated in its interior had yielded at an early period’ to the 
resources of the ancient geometry, and was afterwards found to admit ofan 

. easy solution by analysis. The analogous problem for an exterior particle, 
on the other hand, offered difficulties which long seemed to be insuperable, 
and, although Laplace finally sueeeeded in devising its solution, his method 
was so incomplete as to leave ample scope for further research. The sub- 
ject ‘continued to engage the attention of the ablest analysts witil Mr. 
Ivory finally discovered the well-known beautiful theorem, by means of 
which the attraction of a spheroid upon a point without it is immediately 
derived from its attraction on a point within it}. This theorem is remark- 
able for being the most important contribution to mechanical science whieh 


. * Bor at Dundee in 1765; died at Henopetead near London, in 1841, During the 
early period of his career he was in all probability the only person in Britain who possessed 
‘an intimate acquaintance with the methods of analysis employed in the higher investiga- 
tions of Physical “Astronomy. F 

+ Phil. Trans, 1809, 
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had been made by a native of the British Isles since the days of Mac- 
laurin. The memoir which contains its original announcement deserves 
also to be mentioned, on account of the intimate acquaintance which the 
author of it exhibits with methods of analytical investigation, the use of 
which had been hitherto confined exclusively to the mathematicians of the 
continent. Mr. Ivory soon afterwards. gave another striking proof of his 
talents by a critical examination of Laplace's researches relative to the 
attraction of spheroids of small eccentricity. Having pointed out what he 
conceived to be certain defects in Laplace’s reasoning, he expounded’ the 
peculiar calculus of that great geometer by a method of his own, remarkable 
for its clearness and elegance. The objections urged against Laplace's 
demonstration are now admitted to have originated mainly in a miscon- 
ception of the author's meaning; but the memoir of Mr. Ivory has been 
universally admired as a fine exhibition of analytical skill *. The important 
subject of the attraction of spheroids has more recently engaged the atten- 
tion of Plana, Gauss, Poisson, Airy, and’ other eminent geometers, but no 
striking results have been elicited by their researches. : 

Before proceeding to notice the applications which mre been made of 
Clairaut’s theorem to the determination of the Earth's é! lipticity, it may 
not perhaps be uninteresting to give a brief account of the geodetic 
operations which have been carried on in recent times with the view of 
attaining the same object. by the actual measurement of ares on. the 
Earth's surface, : . ie 

‘An.erc of the. meridian has’ been measured in the present century by 
Ganss, extending-from Gottingen to Altona, and embracing an amplitude 
of 2° 0’ 67”, The latitudes at the two extremities of the are were. deter- 
mined by means of Ramsden's famous zenith sector. An are of still 
greater extent has been measured in Russia by M. Struve. Its northern 
extremity is situated in Hochland, an island in the Gulf of Finland; and 
from this point to Jacobstadt, its southern extremity, it ‘embraces an 
amplitude of 8° 85’5”, One of the peculiarities connected with the 
Measurement of this are cdnsisted in the determination of the latitud: 8 
by means of the transits of stars across the prime vertical}. , We 
German astronomers of the present.day, for the purpose of ascertaining 
the declinations of the stars. The‘operations of M. Struve were subse- 
quently connected with those of Von Tenner in the south of the Russian 
empire, and the whole arc’ pow extends to 8° 2’ 28-91. The geodetic 
operations by means of which Bessel! connected the are of M. Struvé; in 
Russia, with the extensive triangulations of the west and south of Europe, 
exhibited in a remarkable degree the power of. that illustrious. astronomer 
to sytematize and perfect every subject which bore any relation to his 
favourite science. It may, be remarked that in all geodetic operations 
more angles are generally observed, than those which the pringiples of. 
geometry render indispensably. necessary to be known for the peahoses of 
computation. This circumstance will manifestly give rise to a number of 
relations between the observed angles, which would be rigorously satisfied 
by the latter if they. were mathematically accurate. This condition, how- 


* Phil. Trans., 1812-22, 

+ Born at Minden 1784; died at Kénigsberg 1846. He is generaily allowed to be 
the greatest astronomer which the present century has hitherto produced. ‘ 

¢ The latitudes were also found with the zenith sector, and a mean of both results was 
in each case taken for the final determination. : 
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ever, being practically unattainable, it remains for the computer to inves- 
tigate the true correction which should be applied to the values of the 
several angles. For this purpose each angle is assumed to be affected 
with an unknown error, and then, by means of the relations above men- 
tioned, a number of equations of condition are formed between the unknown 
quantities. Now Bessel determined the values of these quantities, not 
aceotding to the practice hitherto pursued, of grouping the equations of 
condition into a number of isolated systems, but by combining them all 
together, and submitting them to one uniform and systematic mode of treat 
ment, The superior advantage of thus making the totality of the observa- 
tions subservient to the determination of their individual errors is too 
obvious to require any further notice, 

The numerous ares of the Earth's surface which have been measured in 
recent times, with the most scrupulous attention and skill in all their 
details, have enabled astronomers in the present day to arrive at more 
definite conclusions relative to the magnitude and figure of the earth than 
it was possible to have deduced at an carlier period. In 1832, Mr, Ai 
discussed all the rcs of any value that had been measured.either in the’ 
di m of the meridian, or perpendicular to it. Rejecting the ‘ares of: 
paatiel 4s unworthy of confidence in so delicate an inquiry, and alse all. 
those ares of the meridian which, being situated in mountainous countries; 
might be vitiated by the effects of local disturbance, he derived the 
elements of the earth’s figure from the remaining data by a very simple 








_ process, in which he was mainly guided by a Sagacious appreciation of the 


relative merits of the ancient and. modern measurements. His final con- 
clusion was that the exterior“surface of the earth may be represented by 
an ellipsoid of revolution, the polar semidiameter of which is 20,858,810 
feet, or $949,585 miles; and the equatorial semidiameter 20,923,718 feet, 
‘or 8962.824 miles*, This gives 69,908 feet, or 18.239 miles for the excess 
of the equatorial over the polar scmidiameter, and xtg-sy for the value 
of the ellipticity. These results have received 2 most satisfactory 
confirmation from the researches of Bessel, who in 184] was con- 
ducted to an ellipticity equal to zbo-7s by an elaborate discussion of 
all the most reliable arcs of the meridian. We may mention that the 
elements of Mr Airy are those which have been employed in all the 
more recent calculations connected with the Ordnance Survey. We 
shall have occasion presently to notice a very satisfactory confirmation of 
their accuracy which has been afforded ly the measurement of an exten- 
sive are of parallel. 

The great meridional are of India has recently received a censiderable 
extension. The operations connected with this arc were commenced by 
Colonel Lambton about the beginning of the present century, and the first 
section, extending from Punnee in lat. 8° 9’.35” to Damargida, in lat. 18° 
3” 16”, was completed by that officer in 1815. Another section extending 
from Damargida to Kalianpur, in lat. 14° 7’ 11”, was executed by Colonel 
Everest, who succeeded Colonel Lambton it the superintendence of the 
operations, upon the death. of the latter in 1828. The whole are from 
Punnee to Kalianpur embraced, therefore, an amplitude of 15° 57’ 40”, and 
was consequently the most considerable which had yet been measured. ‘The 
methods employed were similar to those practised in the measurement of 
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the English arc, and the result was generally considered by competent 
judges to be equal in point of accuracy to the very best modern deter- 
‘minations of a similar character. The recent extension to which we have 
alluded is due to Colonel Fiverest, who has now prolonged the arc to 
Kaliana, in latitude 29° 30’48”, He effected this object not by continuing 
the triangulation from Kalianpur, the northern extremity of the great are, 
but by proceeding in tlie opposite direction from Kaliana to Keliaupur. 
For this purpose a base was measured in the Valley of Dhera Dhun, near 
the inferior range of the Himalayah Mountains. The extreme station 
of the arc was situated at a distance of seventy miles to the south of the base, 
Colonel Everest justly fearing that, if a less remote locality were selected, 
the attraction of the Himalayah Mountains might exercise a disturbing 
jnfluence on the celestial observations. In 1887, Colonel Everest com- 
pleted the triangulation as far as Kalianpur; and, as he had some doubts 
respecting the accuracy of his previous operations beyond this point, he 
continued to advance southwards, until he reached Damargida, the northern 
extremity of Colonel Lambton’s arc. ‘The celestial amplitude was deter- 
mined by dividing the terrestrial are into two sections at Kalianpur, and 
then making simultancous observations on the stars at the two extremities 
of each section, Thirty-six stars were observed in determining the ampli- 
tude of the northern section, and thirty-two in determining that of the- 
southern section. In each instance half of the stars were’situated to the 
soyth and the other half to the north of the zenith points of both ex- 
tremities of the arc; but the greatest distance of any star from the nearest 
zenith did not exceed 5°. ‘The amplitude of the northern section was 
found to be 8° 28” 87.051, and that of the southern section, 6° 3’ 55”.973, 
This gives 11° 97 887.024 for the amplitude of the whole arc measured 
by Colonel Everest. The terrestrial length of the northern are’ was 
found to be 1961157.117 feet, and that of the southern are 2202926,196 


- feet. Comparing these results with the amplitudes, it appears that 


th af.a degree of the meridian in mean latitude 26° 49’ is 


_ $83,606 feet, and that the length of a degree in mean latitude, 21° 8’, 


4g $68,187 feet. ‘The wholo of Coloncl Everest’s are, when compared 
with the English are between Dumnose and Clifton, gives x4, for 
the ellipticity of the earth. A similar comparison with the French are 
gives 54,; with the Russian are (,,; and with the Swedish are s},. Be- 
sides the base measured in the valley of Dhera Dhun, two bases of veri- _ 
fication were measured by Colonel Everest, one at the southern extremity 
of the whole are, and the other near Kalianpur, the middle station. The 
yerification was effected by computing the bases at the two extremities of 
the arc from the base in the middle, and then comparing the results with 
those derived from actual measurement. In this manner the length of the 
base at the sorthern extreinity was found to be 39183.278 feet by com- 
putation, and 39183,873 feet by actual measurement. The difference, 
therefore, amounted only to -°,ths of a foot, or about seven inches. Again, 
the length of the base at the southern extremity was found to be 41578.178 
feet by computation, and 41578.536 feet by measurement. This gives a 
difference of -8,°8,ths of a foot, or alittle more than four inches. The near 
agreement of these results. afiords a strong guarantee for the accuracy of 
-the whole operation. The bases were measured with an apparatus devised 
by General Colby while engaged in the operations of the Irish Survey. It 
consisted essentially of two metallic bars, each ten feet long, so connected 
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together as by their unequat expansion to obviate the necessity of apply- 
Ing @ correction for temperature *. “ 

The great Indian arc from Punne: to Kaliana now embraceg an ampli- 
tude equa] to 21" 21’ 13”. The southern portion may not perhups be so 
unexceptionable in its execution as it Was at one time generally supposed 
to be; but still, when taken in its full extension, this are ig unquestionably 
one of the most valuable data we possess for determining the figure of the 
earth, and js destined in all ages to shed a brilliant lustre om the history 
of. British rule in India. ire 

The arc of the meridian measured by Lacaille, at the Cape of Good 
Hope, presented an unaccountable anomaly when compared with similar 
messurements executed on the opposite side of the equator. It would 
appear, from the result at which he arrived, that the earth’s surface is less 
curyed in the southern than it is in the northern hemisphere. This con- 
clusion excited the surprise of astronomers, being totally at variance with 
the theory of gravitation, which assigns the same ellipticity to both hemi- 
spheres. On the other hand, the high celebrity of the astronomer upon, 
whose guthority it rested, served only to render the question still more 
perplexing. When Colonel Everest visited the Cape of Good Hope, in 
1824, hy carefully inspected the tract of country in which. the arg was 
meanured, and drew up the result of his observations in a letter addressed 
to Colonel. Lambton, which appears in the first volume of the “ Memoirs of 
the Astronomical Society.” The southern extremity of the are was si- 
tuated at Lacaille’s Observatory in Cape Town, ‘and the northern extre- 
mity at Kleip onteyn. The celestial amplitude was 1" 12/1”.55, and 
the latitude of the middle point was 33° 18° 30”, Lacaille found the ter- 
‘restvial length of the arc to be 68169 toises,—-whence 1° was equal .in 
length to 57037 toises. Now, if we assume the earth to be an oblate 
spheroid, having an ellipticity equal to 535, 2 supposition which agrees” 
very well with the result of a comparison of meridional ares in the north- 
em hemisphere, the amplitude of an ave whose terrestrial length and 
mean latitude is the same as that of Lacaille’s will be found to be 
1°12’ 10".54. ‘This result exceeds, by 8’.09, the amplitude of the are 
as determined by Lacaille. Colonel Everest strongly suspected that the 
discordance arose from the disturbing influence occasioned by the attrac- 
tion of the mountains in the neighbourhood of the two terminal stations: 
He remarked that the mountains at Cape Town would so affect the plumb 
line as to make the zenith appear a little to the south of its true place, 
while, on the other hand, those at Kleip Fonteyn would cause the zenith 
of that station to deviate a little to the north of its true place. Hence 
the apparent amplitude of the are as derived from the zenith distahces of 
the stars at its two extremities would be less than the true amplitude by 
the sum of both zenith errors. Colonel Everest therefore concluded , that 
Lacaille’s measurement might be reconciled with the usual value of the 








* The aceuracy of the results obtainable by the use of this apparatus was put toa severe 
test by the remeasurement of the bases. The base of Dhera Dhun was remeusured in an 
apposite direction, and, although the whole length exceeded seven miles, the two results 
did not differ by so much as 23 inches. Another mode of yerification consisted in 
dividing the base into three sections, and, having remeasured the middle section, deriving 
the other two from it by triangulation. ‘The whole length of the base when determined 
by this process did not differ more than a quarter of an inch from the original measure- 
ment. An equally satisfactory result was obtained by a similar remeasurement of thé base 
at Damargida, the southern extremity of the are. ‘ 
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ellipticity, by assuming that the zeniths of the two extreme stations were 
disturbed by local attraction to the extent of 8”.99. After alluding to 
the inexpediency of remeasuring the are, in consequence of the practical 
difficulty of observing the angles from Laeaille’s stations, this distin- 
guished officer then proceeds in the following terms :—‘ It might be in- 
teresting, no doubt, to ascertain the exact latitudes of both extremes of 
the arc, by a series of triangles comnecting them with the observatory now 
about to be erected in this neighbourhood, and this, which will doubtless 
be hereafter done, may in eble hands furnish a new datum respecting the 
attraction of mountains; but, as to the are itself, it seems to me to be too 
small to be of any weight, even were all other objections removed, and 
the labour of correcting the old result, except for the mere curiosity of 
the matter, would therefore be much better expended upon a new series 
of triangles. “Such a series, instead of terminating at Kleip Fonteyn, 
might very easily be carried through the country of the Namaquas to the 
northern boundary of the colony, which would furnish a very pretty arc 
of nearly 4° in amplitude, and, I doubt not, set for ever at rest the ano- 
malous hypothesis of the different form of the two opposite hemispheres of 
the globe.” : 
e-have cited these remarks, not only because they reflect the 
highest credit on the sagacity of Colonel Everest, but also on adcount 
of the interesting confirmation which they have recently derived from the 
labours of Mr. Maclear, the Astronomer Royal at the Cape.of Good Hope. 
Jn the year 1837 the latter determined the latitude of Lacaille’s Obser- 
vatory by means of a triangulation connecting it with the Royal Obser- 
vatory. The result, when compared with that derived ,by Lacaille from 
direct. observation, seemed to indicate the existence of local attraction, 
but the discordance was not sufficiently great to account for the whole 
anomaly of Lacaille’s are. Mr. Maclear resolved, therefore, to verify the 
entire operations of that astronomer by a careful remeasurement of the 
arc. The latitudes at the extreme stations, as determined by means of 
the zenith sector, were found to agree with the values assigned by La- 
caillo, but the computation of the triangles had the effect of shortening 
the are by 200 feet, and thereby reducing the anomaly in its length to 
about half its previous magnitude. Suspecting that the remaining part 
of the error arose from the ill-conditioned character of Lacaille’s -tri- 
angles, he chose another set of stations, and then repeated the whole 
operation; but to his great disappointment he obtained a result which’ 
agreed almost exactly with that at which he had previously arrived. He 
now resolved to measure an are of three or four degrees, and to select 
the two extreme stations, so as to be beyond the reach“of local disturb- 
-ance. This object he successfully effected notwithstanding many hard- 
ships he had to encounter in consequence of the inclemency of the weather, 
and the impassable nature of*the country in which his operations were 
conducted. The triangulation was carried southwards to Cape Point, and 
northwards as far as Kamies Berg. The distance between these two ex- 
tremes comprehended an arc of nearly 4° 2’; but; as Mr. Maclear sus: 
pected that the station at Cape Point was subject to local disturbance, he 
fixed the southern limit of the arc at the Royal Observatory. The dis- 
tance between this station and Kamies Berg included an arc of 8° 84’. 
Two intermedidte stations were selected, one at Kleip Fonteyn, and the 
other to the north of that station. The final result at which he arrived 
was of the most gratifying character. He found that the length: of a - 
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also completely succeeded in tracing the various circumstances which’ 
conspired to vitiate Lacaille's are. We have already mentioned that the 
error was reduced ‘to half its original magnitude by the remeasurement of 
the terrestrial arc. The remaining half was found. by Mr. Maclear to 
arise from errors in the latitudes of the two extreme stations, occasioned 


attraction, and then connected trigonometrically with the are, they were 
found to he Very nearly reconcilable with the usually received value of 
the ellipticity. “A slight deviation of the plumb-line “took place at the 
Southern station, but a much greater deviation Was occasioned by the at- 
traction of the mountains at Kleip Vonteyn. The errors at both stations, 
however, conspired together in redueing the amplitude of the arc, agree. 
ably to the remark of Colonel Everest. Mr. Macleay has earned for him- 
self a high place among living astronomers by the ability with which he 
has executed this important geodetic Operation. It is gratifying to reflect 
that his labours “have removed a serious difficulty from the science of 
astronomy, since we are now assured that the actual measurement of 
meridional arcs on cach side of the equator concurs with the theory of 
Bravitation, and the experiments with the pendulum, in assigning the same 
ellipticity to both hemispheres, 

The are of the meridian connected with the trigonometrical survey of 
Great Britain now extends from Durmose, in the Isle of Wight, to Balta, 
one of the Shetland Isles, and embraces an amplitude of 10° 7’ 557,28. 
The latitudes were determined with Ramsden’s zenith sector at ten dif- 
ferent placos, including the two extreme stations. When the whole course 
of triangulition was executed, the latitudes at the Various stations wero 
then computed by means of an assumed value of the ellipticity, and the 
relative bearings and distances, setting out from Greenwich, with which 
the operations were trigonometrically connected. The latitudes found in 
this manner for the two extreme stations, on being compared with thoso 
determined with the zenith sector, presented a discordance which seemed 
to imply an error either in the observations, or in the assumed value of the 
ellipticity. The latitude of Dunnose was again determined with the new 

rdnance zenith sector, but no error wa diseovercd in the previous mea- 
Surement, Another station was then selected about a mile distant, and 
the latitude, on being determined with the same instrument, was found to 
differ as much as 37.2 from the result obtained at the original station. 
This circumstance is the more remarkable, as the surrounding country 
does. not seem to indicate the existence of any disturbing influence. Tie 
latitude as thus determined at the new station coincided exactly with that 
previously found by a geodctic process, ant thereby afforded an important 
contirmation of the value of the ellipticity upon which the latter result 
depended. The computed and observed latitudes of the northern extre- 
mity of the are at Balta presented also a similar discordance, and were 
similarly reconciled together by repeating the observations with the zenith 
Sector at a place in the neighbourhood of the original station. The me- 
thod of determining the latitude of a place by connecting it trigonome- 








* The superb instrument of Ramsden, having been deposited for safety in the ar. 
moury of the Tower, was unfortunately destroyed by the fire which consumed that part 
of the building in 1842, 
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trically with a distant station, is probably destined to throw much valuable 
light on the subject of local disturbance. especially since the true figure 
of the earth is now pretty well : ained. 

It will readily appear on the inspection of a map that the position of 
the British Isles is woll adapted for the measurement of an extensive arc 
of parallel. An important illustration of the truth of this. remark has 
becn recently afforded by My. Airy’s determination of the are of longitude 
comprised between Greenwich and Valentia, a small island on the south- 
west coast of Ireland. his island is situated about 11° west of 
Greenwich, and lies nearly in the same latitude with it, Mr, Airy 
proposed in the fyst instance to determine the exact difference of the 
longitudes of the two places by the transportation of chronometers, and 
then to effect the same object Ly means of the beatings and distances 
assigned by the Ordnance Survey, combined with certain assumed elements 
of the earth’s figure. Lf the two ‘results were found to agree within 
sufliciently narrow limits, it might then be fairly presumed that the 
clemeuts of the earth's figure were well determined. On the other hand, 
if they differed to a sensible extent, the amount of the, difference would 
serve to indicate the correetion which it would be necessary to apply to 
the assumed clements.  feagh Main, in the island of Valentia, was 
selected as the extreme western point of operations, while Kingston, near 
Dublin, and Liverpool, were used as intermediate stations. The elements 
of the earth's figure, asstuned as the basis of the geodetic calculations, 
were those which Mr, Airy had arrived at, by a discussion of ares of the 
meridian, and have been already mentioned in this chapter. The com- 
parison of the chronometrical and geodetic arcs exhibited a most gratifyin 
accordanee, and thercby afforded a valuable confirmation of the assume 
elements of the earth's figure}. ‘This is assuredly not the legst valuable 
of the many results for which astrovomy is indebted to Mr. Airy. 

We now proceed to give some account of the researches that have peen 
prosecuted for the purpose of deducing the ellipticity of the carth from the 
yariation of gravity at its surface. We have already mentioned that 

* Mem. Ast. Soc., vol. xvi. 


f The following are the results obtained by a comparison of the various geodetic and 
chronometrical arcs. 
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Clairaut’s theorem enables us to ascertain the value of this element when 
ence we know the relative intensities of gravity in two different latitudes, 
The pendulum which Huygens had already applied so admirably to the 
measurement of time derived from this circumstance a vast accession of 
importance in the estimation of astronomers. In order to understand how . 
the oscillations of a pendulum lead to a knowledge of the figure of the 
earth, it is necessary to obtain a clear view of the various circumstances 
which affect the rate of oscillation. A brief notice of them here may 
not perhaps be unacceptable to the reader, as they are inseparably 
associated with the history of the application of the pendulum to scientific 
purposes. 

When a pendulum oscillates in vacuo through very small ares, the rato 
of oscillation will depend on the length of the pendulum and the intensity 
of the moving force. If the oscillations be supposed indefinitely small, a 
simple relation connects these three clements together, so that by means 
of it we can ascertain the value of any one of them when the other two are 
already known. Hence the intensity of the moving force may be readily 
derived from the length of the pendulum and the rate of oscillation; and 
if the latter elément remain constant, or, in other words, if the pendulum 
continue to perform the same number of oscillations in the same time, the 
variation of the moving force will be indicated by the different te 
which it will be found necessary to assign to the pendulum. On the other 
hand, if the length of the pendulum be assumed to be constant, the 
variation of the moving force will be indicated by the greater or less 
quickness with which the oscillations are performed, Hence arise two 
distinct methods of comparing the different intensities of a force by means 
of experiments with the pendulum. In the one case, the variation of force 
is throy upon the length of the pendulum; in the other, it is thrown 
upon thant of oscillation. Both these methods have been employed in 
agercining the variation of gravity at the earth’s surface. 

: he preceding remarks have reference to the purely mathematical 
theory of the pendulum, and therefore do not take cognizance of those 
disturbing causes which in all ‘cases complicate physical inquiries. “ It is 
necessary then to investigate the effects produced by these disturbing 
causes, so that by subducting them from the phenomenon we may arrive 
at the abstract conditions which form the basis of our reasoning. Hence 
arise various corrections which it is necessary to take into account before 
the experiments with the pendulum can be made available for the purpose 
of determining the ellipticity of the earth. 

In the first place, the theory of oscillation above stated supposes that, in 
all experiments with the same pendulum, its length remains constant. 
This, however, is a condition which cannot obtain in nature, for the 
fluctuations of temperature will cause the pendulum continually to vary in 
length, and the effect of this variation will manifestly be to disturb the 
rate of oscillation. In order then to render the theory applicable to the 
actual results of experiment, a certain standard of temperature is assumed, 
and the effect due to the deviation from this standard as indicated by the 
thermometer is then computed and applied to the actual rate of oscillation, 
This is termed the correction for temperature. 

Again, the oscillations of the pendulum are supposed to be indefinitely 
small. In reality, however, they all possess a finite magnitude, and also 
vary continually from one oscillation to another. Both these cireumstances 
will cause the number of oscillations actually performed in a given time to 
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differ in all cases from the number of indefinitely small oscillations which 
would be performed in the same time. In every case of actual experiment 
the time of a single oscillation will exceed a certain finite quantity 
depending on the length of the pendulum and the intensity of the moving 
force; but, the smailer the arc is, the more nearly will the time of 
oscillation approach this quantity; which may, therefore, be considered as 
the time corresponding to indefinitely small oscillations. Hence, in order 
to reduce the experiments to an accordance with theory, the effect due to 
the magnitude of the arc is computed, and then applied to the actual rate 
of oscillation. This is termed the corrcction for the amplitude of the are. 

The third correction which it is necessary to take into account, in 
conducting experiments with the pendulum, depends on the fact that the 
force of gravity viries at different distances from the centre of the earth. 
Clairaut’s theorem has reference to the variation of gravity at the surface 
only of the terrestrial spheroid. It is necessary, therefore, to make 
allowance for the altitude of the place where the experiments are made, by 
diminishing the force indicated by the oscillations, in the ratio of the 
square of the distance from the carth’s centre, 

Lastly the oscillations are supposed to take place in a vacuum. In 
reality, however, they are performed in a medium of air. Newton first 
considered, in accordance with mathematical principles, the effect produced 
on the motion of a pendulum by the resistance of the air. He has 
demonstrated, on the two hypotheses of the resistance being proportional 
to the first and second powers of the velocity, that, when a pendulum 
makes very small oscillations in a cycloid, it does not experiénce any 
sensible retardation from this cause." Poisson subsequently showed that 
this was also true for a pendulum oscillating in a circle when the arcs are 
supposed very small}; in fact, although the resistance of the air opposes the 
action of gravity when the pendulum is descending to a verticdbposition, 
and in consequence tends to prolong the time of oscillation, yet, when the 
pendulum is ascending on the opposite side, the same cause conspires Wh 
gravity in destroying the velocity, aud on this account tends to shorten 
‘the time of oscillation. A compensation thus takes place between every two 
half oscillations, which restores the times of the whole oscillations to nearly 
a uniform state, rendering necessary only the correction due to the 
amplitude of the are. Tt must be remarked, however, that this conclusion 
is founded on an imperfect conception of the nature of the resistance 
offered by the air; for it is assumed that the particles of the latter, as soon 
as impinged on, immediately afterwards cease to exercise any influence 
upon the motion of the pendulum, either directly or by means of the 
agitation they excite among the surrounding particles of the medium. 
Newton, indeed, did not fail to perecive that this view of the question did 
not accord with the real condition of nature, for he remarked that the pen- 
dulum while descending with accelerated velocity would continue to operate 
upon the particles of the medium after the first impact, and that the timo 
of oscillation’ would in consequence be prolonged, while, on the other hand, 
when tho pendulum was ascending on the opposite side, the continual 
diminution of the velocity would allow the particles to escape from a similar 
succession of impacts; and hence the effect of the resistance in the one 

- half of the are of oscillation would not be exactly compensated by the 





* Princip, lib. ii. prop. 26 et 27. 
t Journal de l'Ecole Polytechnique, tome vii. 
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corresponding effect in the other half. It was generally considered, how- 
ever, that, when the oscillations are very small, the disturbance arising 
from the resistance of the air was altogether insensible. We shall have 
occasion presently to mention a series of experiments which clearly esta- 
blished the fallacy of this opinion, 3 

But the circumambient air exercises on bodies a statical effect, which is 
totally independent of the resistance it offers to their motion. Since a 
body immersed in a fluid suffers a diminution of weight equal to that of 
the fluid displaced by it, a pendulum will manifestly oscillate more quickly 
in a vacuum than it will do in air. It is necessary, therefore, in all experi- 
ments to reduce the oscillations to those which would take place in a 
vacuum, by computing the effect due to the weight of the atmosphere as 
indicated by the barometer. This has been termed the correction for the 
buoyancy of the atmosphere. ; 

Numerous experiments were made with the pendulum in the course of 
the last century, for the purpose of ascertaining by means of them the 
ellipticity of the earth ; but, as they were not conducted with due attention 
to all those minute circumstances which affect such delicate operations, 
they cannot be considered as worthy of any reliance. We have already 
mentioned that experiments of this kind may be conducted by two distinct 
methods. The length of a pendulum which performs a certain number of 
oscillations in a given time (for example, the seconds’ pendulum) may be 
determined in different latitudes, and the results on being compared 
together will indicate the variation of gravity, and henee, also, the ellipticity 
of the earth. The same object may also be effected by transporting an 
invariable pendulum to differcnt latitudes, and noting the number of 
oscillations which it makes in a given time at each place. This is generally 
considered to be the safest mode of experimenting, as it is independent of 
the absolfite length of the pendulum, the ascertainment of which at any 
time is an operation of extreme delicacy. 

Borda, a French philosopher of great. merit, was the first who deter- 
mined the length of the seconds’ pendulum with sufficient accuracy for 
scientific purposes. This step was suggested by the measurement of the 
great arc of the meridian of France, which took place towards the close 
of the last century, and the operation was conducted by him with consum- 
mate skill in all its details. In 1807, Biot determined, by this method, 
the lengths of the seconds’ pendulum at various stations of the are between 
Dunkirk and Formentera, and the results obtained by him may be con- 
sidered as the earliest data of this kind which fully deserved the confidence 
of astronomers. This distinguished philosopher afterwards made similar 
experiments at various other places in the south of Europe, and also at 
Leith and Unst in the British Isles. Comparing together the lengths of 
the seconds’ pendulum at Unst and Formentera, he obtained 54, for the 
value of the earth's ellipticity. This result agrees very well with that 
derived from the comparison of geodetic measurements, and is doubtless a 
very near approximation to the truth. With respect to other stations, 
however, it must be acknowledged that the results were not in all cases 
equally satisfactory. 

In 1818, fresh interest was awakened in experiments of this kind by 
Captain Kater’s invention of a new method of great ingenuity for deter- 
mining the length of the seconds’ pendulum. Huygens had already shewn 
that, whatever be the form of an oscillating body, the centres of suspension 
and oscillation are convertible. Availing himself of this beautiful property, 
Captain Kater attached two points of suspension to a pendulum, and then 
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by means of a simple adjustment he brought it to make the same number 
of oscillations in a given time from whatever point it was suspended. 
When this took place, it clearly followed that the length of a simple pen- 
dulum oscillating at the same rate was measured by the distance between 
the two points of suspension *. Captain Kater shortly afterwards mado 
experiments with the pendulum at various stations of the British are. 
He employed a pendulum of a constant length in all his operations, and 
determined the variation of gravity by couiting the number of oscillations 
which it made at each station in a mean solar day. A comparison of the 
results obtained by him at Unst, in the Shetland Isles, and Dunnose, in 
the Isle of Wight, the two extreme stations, gave +4,;- for the ellipticity 
of the earth}, One peculiarity of these experiments consisted in the cor- 
rection for the altitude of the station being different from that hitherto 
employed. Dr. Young had previously remarked that this correction was 
in all cases too groat, as no account was taken of the attraction of the 
elevated mass on which the experiments in each instance were madet. 
If we were raised on a sphere a mile in diameter, and having a density 
equal to the mean density of the earth, its attraction would le about golyoth 
of the attraction of the whole carth, and the correction for the elevation of 
the station, which would be ,';; if the attraction varied merely according 
to the inverse square of the distance, would be thereby reduced to 4855, oF 
only about throe-fourths of the usual correction. Dr. Young's researches 
induced him to conclude, that if the mean density of the earth be assumed 
equal to 5.5, and that of an elevated tract of table land to be 2.5, the true 
correction will be less than that hitherto employed in the ratio of 66 to 
100. The necessity for a change in the usual correction, on the grounds 
assigned by the philosopher just eited, cannot admit of any doubt; but the 
true correction, which it will be necessary to apply in each case, will always 
be liable to great uncertainty on account of our ignorance of the density of 
the elevated mass, and the exact conformation of its materials. For these 
reasons it will generally be the safest mode of proceeding to perform all ex- 
periments of this kind at inconsiderable altitudes above the level of the sea. 
In the year 1817, Captain Freycinet, of the French Navy, was sent out 
by his government on a voyage round the world, one of the principal objects 
of which was to swing the pendulum in different latitudes. Experiments 
were made by him at various stations on each side of the equator, and a 
comparison of his results gave »,.s, for the ellipticity of the earth 5. 
Hlis countryman, Captain Daperrey, made a number of similar experiments 
in the course of an expedition of discovery which he commanded in the 
years 1822-25. ‘The ellipticity assigned by a comparison of his results 
$-ao:- A great number of valuable experiments with invariable 
pendulums were made by Captain Sabine in different parts of the world. 
He obtained 54.5 for the ellipticity, as the final result deducible from 
them. Experiments with invariable pendulums have also been made by 
Goldingham **, at Madras, and, by his directions, at 2 small island in the 














* Phil. Trans. 1818. + Ibid. 1819. + Ibid. 1819. 

§ This is the value of the ellipticity which Mr. Baily deduced from Freycinet’s obser- 
vations after applying to them the true correction for the reduction to a vacuum. See 
Mem, Ast. Soc., vol. vii. For an account of Freycinet’s experiments, see Voyage autour 
du Monde. Paris, 1825. 

{| This result is also that of Mr. Baily. For au account of Duperrey’s experiments, 
sec the Connaissance des Temps for 1830. 

‘I Account of experiments for the purpose of determining the Figure of the Earth, 
London, 1823. 

** Phil. Trans, 1822. fe 
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Indian Ocean, almost under the equator; by Hall #, at various places in the 
Pacific Ocean; by Sir Thomas Brisbane+, at New South Wales; by Fostert, 
at Port Bowen, ia the North Seas; by Fallows §, at the Cape of Good Hope; 
and by Leutke||, an officer in the Russian navy, at several places in both 
hemispheres. In 1826, Bessel determined the length of the seconds’ pendu- 
lum with great accuracy by a new method. Having fixed two points of sus- 
pension in a vertical position with respect to each other, he suspended from 
each of them a spheriéal ball bya fine wire. The distance between the two 
points of suspension was entirely arbitrary. Bessel made it exactly equal to 
the Peruvian toise. ‘Che two pendulums when in a vertical position were 
equally depressed, and therefore the difference of their lengths was 
measured by the distance between the points of suspension. ‘The depres- 
sion of the lowest parts of the surfaces of the balls to the same level was 
effected by means of x delicate apparatus, termed the lever of contact. 
From an approximate knowledge of the lengths of the pendulums, it was 
easy to derive the correction due in each case to the spherical form of the 
ball. Hence, the differenco of the lengths and the difference of the cor- 
rections being given, the difference of the lengths of the simple pendulums 
corrésponding to the two points of suspension was readily assignable. 
Again, by counting the number of oscillations performed in’a given time 
by each pendulum, the ratio of the lengths of the simple pendulums was 
also ascertaincd. Ty means of these two data, Bessel was enabled to com- 
pute the absolute length of cach of the simple pendulums. This method 
of determining the length of the seconds’ pendulum is generally considered 
to be susceptible of greater precision than any other which has been 
devised for the same purpose. 

While Bessel was engaged in the experiments just referred to, he dis- 
covered that the usual correction for reducing the oscillations of a pendulum 
to & vacuum were crroneous to 2 considerable extent. This important fact 
was first announced by him in @ memoir which appeared in the volume of 
the Berlin Academy of Sciences for 1826. He established its reality 
beyond dispute; first, by swinging two pendulums in air, one of brass and 
the other of ivory, and then by swinging the same brass pendulum in air 
and in water. It appeared from hoth experiments that the retardation of 
a pendulum oscillating in a fluid medium was greater than had been 
hitherto imagined. In the one case he found that the true correction for 
reducing the oscillations to a vacuum exceeded the correction usually em- 
ployed in the proportion of 1.956 to 1; and in the other case, in the pro- 
portion of 1.625 to 1. He attempted to account for this increase in the 
amount of retardation by ascribing it to the influence of a coating of air, 
which, according to him, adheres to the pendulum, and is dragged along 
with it during its motion, The mass of the pendulum being enlarged by 
this addition, while the moving power remains the same, it is clear that 
the accelerative foree of each particle will be less intense than it would be 
ina vacuum, and that a diminution of motion will ensue as a necessary 
consequence. It is singular that, as early as the year 1786, Du Buat, a 
French experimentalist, recognised the existence of this retardation, and 
even endeavoured to give an explanation of its physical origin; but it 
appears to have entirely escaped the notice of all philosophers until the 
period of its rediscovery by Bessel. 











* Phil, Trans. 1823. 4. Ibid, 1823, + Ibid. 1826. “§ Ibid. 1890, 
I] Mém. Acad. des Sciences de St. Pétersbury; see also Phil. Mag. 1882, 
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The researches of the astronomer just mentioned, being mixed up with 
theoretical views which were not clearly established, ihe Board of Longi- 
tude of this country resolved to submit the question to the issue of direct 
experiment, by swinging the same pendulum both in air and in a vacuum. 
The operations for this purpose were executed with great care by Colonel 
Sabine, at tho Royal Observatory of Greenwich, in the year 1828. The 
mean of his results gave 10.36 as the excess of the number of oscillations 
in @ mean solar day, made by a pendulum swinging in vacuo over the 
corresponding number of oscillations made by the same pendulum swinging 
in air. The old correetion for the buoyancy of the atmosphere gave only 
6.26 oscillations. It followed then that the coefficient for the reduc- 
tion to a vacuum should be increased in the proportion of 1.655 to 1*. 
Mr, Baily shortly afterwards repeated these experiments with a great 
variety of pendulums and arrived at results of a similar character}. The 
amount of retardation differed with the pendulum employed in the 
experiment, and was found to depend mainly on its form and extent of 
surface. It appeared also that the air was dragged chiefly by the parts of 
the surface which were perpendicular to the plane of motion, and that only 
a small quantity adhered to the sides. My. Baily clearly showed that the 
true correction can only be determined with precision by means of direct 
experiments with each particular pendulum *. 3 

The usual correction for reducing the oscillations of a pendulum toa , 
vacuum having thus been demonstrated, by evidence of thé most indis- 
putable character, to be too small, it followed that all the results which had 
been derived from experiments hitherto performed were more or less 
erroneous. When the question relates to the determination of the ah 
of the earth, the error depending on the imperfect reduction is indeed 
small; since in this case the variation of gravity at the surface of the 
terrestrial spheroid, and not its absolute intensity, forms the subject of 
research; but, as in delicate inquiries of this nature the most minute 
circumstance must be taken into account, the true correction has been 
employed in all subsequent reductions. 

The most extensive series of experiments with the pendulum which 
have been made by any individual are due to the late Captain Foster, who 
commanded a scientific expedition which was sent out to the South Seas 
by the Government of this country in the year 1829. This talented 
officer having unfortunately been drowned a little before the time appointed 
for the return of the expedition, his papers, upon being brought to 
England, were put into the hands of the late Mr. Baily, who drew up a 
detailed account of them, which is contained in the seventh volume of the 
Memoirs of the Astronomical Society. The experiments were made at four- 


* Phil. Trans. 1829. + Phil. Trans. 1832, 

+ Poisson has adopted a different opinion respecting the physical origin of this 
correction. He considers that the successive impulses of the pendulum would give rise 
to alternaté contractions and expansions of the surrounding medium, whence the particles 
of the latter, by their reaction, could not fail to produce 2 sensible effect on the rate of 
oscillation. The correction is thus made to depend on the resistance offered to the pendu- 
jum by the aerial medium, the mode of action being considered in its most absolute 
character, and independently of any assumed relation between the resistance and the 
velocity. Proceeding upon this principle, Poisson has investigated the correction bya 
profound analysis, and has arrived at results which, in some instances, are confirmed by 
direct experiment. See Mém. de l'Institut, tome xi., or the Connaissance des Temps for 
1834, This view of the subject has also been adopted by Plana, Sir John Herschel, and 
several other eminent philosophers. . 
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teen different stations included between 10°.38’ north latitude and 62°.36" 
south latitude. All the details of these experiments appear to have been 
conducted with the most scrupulous regard to accuracy, and the results 
deserve to be classed among the most valuable data we possess for 
determining the ellipticity of the earth by means of the pendulum. Mr. 
Baily obtained 543.74 for the value of the ellipticity as the final result 
deducible from Captain Foster's experiments, He also arrived at an 
ellipticity equal to s3757, by combining together the results of all the 
experiments hitherto mado with invariable pendulums. These evaluations 
agree very nearly with each other, and also with that due to Colonel 
Sabine, whose experiments were more extensive than those of any other 
voyager, previous to Captain Foster. 

The experiments with the pendulum generally agree in assigning to the 
earth an ellipticity somewhat greater than that derived from the com- 
parison of arcs of the meridian. In the one case the ellipticity may be 
said to be g45; in the other case only s45- The perturbations of the 
moon again indicate an ellipticity equal to yi,. ‘The agreement of the 
second and third of these values is sufficiently satisfactory. It is difficult, 
however, to account for the discordance of-the first and second; and also 
for the anomalies which-present themselves in some instances when only 
two arcs of the megidian or two experiments with the pendulum form the 
grounds of comparison. The results of recent geodetic operations concur 

in shewing that the meridional anomalies are mainly attributable to the 
effects of local disturbance, and that, when the amount of this disturbance 
can be in any case independently ascertained, and then eliminated from 
the measurements, the comparison of the latter may be satisfied by an 
ellipticity « little greater than 53,;%. With reference to the anomalies 
which occur in pendulum experiments, it appears that the results generally 
indicate the intensity of gravity to be greater on islands than on con- 
tinents. This is partly explained by the greater density of islands which 
are frequently of volcanic origin; but, on the other hand, it is not to be 
denied that the density of the surrounding ocean is considerably less than 
the mean density of the earth, and therefore ought to produce an effect of an 
opposite kind. Much doubtless will depend on the depth of the ocean at 
the place where the experiments are made, and the nature of the stratum 
ou which it rests; for it must be borne in mind that, although Clairaut’s 
theorem allows the density of the terrestrial spheroid to vary from one 
stratum to another, according to any law whatever, it supposes the 
density to be uniform throughout each stratum. The influence exercised. 
on experiments with the pendulum by the geological character of the 
substratum was first remarked by Colonel Sabine. 

When we consider how difficult it is to form a just estimate of the 
irregularities of the earth’s surface, and the variations in the. density of 
the exterior stratum, we have ample reason to be surprised that the 
anomalies we have been referring to are not greater than they really are. 
“If the form of the earth’s meridian,” says Mr. Airy, “were traced one 
paper, the nicest eye would be unable to distinguish it from a circle. The 








* Some idea of the effect of local disturbance unay be formed when we state that, at the 
station of Banog, within fifty miles of the Himalayah Mountains, Colonel Everest found 
the: difference between the computed and observed azimuths to amount to as much as 
20’.156. It is true that the measurement of azimuth angles is the most delicate part of 


geodetic operations; but, in the present instance, the discrepancy manifestly exceeds 
L; RCS I 
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ellipticity is so small that the closest inspection without measure could not 
judge which was intended for the greater and which for the smaller axis. 
The whole quantity in dispute is less than one-sixteenth of this ellipticity. 
Instead of being surprised that such a difference exists, we may well be 
astonished at the accuracy of modern measures of all kinds, which make 
so small a quantity a subject of controversy.” * , 

As soon as astronomers were persuaded that the principle of gravitation 
extended to the constituent parts of the cclestial bodies, it became an 
interesting question to ascertain whether the attraction of masses at the 
earth’s surface exerted any appreciable influence. The first attempt to 
establish this fact was made by Bouguer and his associates, while 
engaged in measuring an are of the meridian in South America. Aastro- 
nomical observations having been made in the neighbourhood of the lofty 
mountain Chimborazo, it was found that the attraction of the latter caused 
the plumb line to deviate towards it to the extent of 7”.5. This result 
was 80 far confirmatory of the Newtouian theory; but it was generally 
admitted that the experiment had not been made with sufficient care to 
merit the confidence of astronomers. The question was not mooted again 
until 1772, when, Dr. Maskelyne having suggested the repetition of the 
experiment to the Royal Socicty, it was resolved by that body that 
immediate steps should be taken to carry it into effect. The mountain of 
Schehallien, in Perthshire, was selected as offering ‘peculiar advantages 
for this purpose. It is a narrow ridge running nearly east ond west, and 
rising to an elevation of about 2000 feet above the level of the surround. 
ing country. The mode of proceeding employed in the experiment was 
this :—two stations were selected, one on the north side and the other on 
the south side of the mountain ; and the difference of their latitudes was 
determined, first by means of astronomical observations at each station, 
and then by means of the meridional distance between the two stations, 
and certain assumed elements of the earth's figure. Now it is clear that 
the attraction of the mountain would compel the plumb line to deviate. 
from ite vertical position, and would thereby occasion a displacement of 
the zenith point opposite in direction at cach station, Hence the 
difference of latitudes as determined by astronomical observation ought to 
exceed the difference resulting from geodetic computation by the sum of 
the displacements of the zenith points; and this latter quantity is mani- 
festly the measure of the sum of the attractions exerted by the mountain 
at the two stations. Now the zenith distances of a certain number of siara, 
having been determined at both stations, were found to indicate a difference 
of latitude amounting to 54”.6. ‘The meridional distance between the 
stations, as computed by a process of triangulation, was 4364.4 feet, and 
the difference of latitude hence deduced was 42”.9.. The resulting 
difference, 11.7, was, therefore, the quantity due to the attraction of the 
mountain at the two stations. ‘Thus it was established by actual ex- 
periment that the principle of gravitation operates not only between the 
bodies of the solar system, bat also between the smaller masses of matter 
of which they are composed. 

An interesting question suggested by the experiment just alluded to is 
that relative to the mean density of the earth. It is clear that, if we knew 
the quantity of matter coutained in the mountain, this datum, combined 
with the ratio of the attraction of the mountain to that of the earth, as 


* Encycl. Metrop., Art. Figure of the Earth. 
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assigned by the preceding experiment, would enable us to ascertain the 
absolute mass of the earth; and, the volume of the latter being already 
known, we might hence determine its mean density. The mass of 
Schehallien was determined by computing its volume trigonometrically, 
and assuming its mean density to be two and. half times- the density of 
pure water. The final result was that the mean density of the earth 
might be considered equal to four and a-half times the density of pure 
water*. The astronomical observations connected with this famous 
experiment were made by Dr. Maskelyne, and the laborious calculations 
to which it gave rise were executed by Dr. Ifutton. Playfair, having 
subsequently ascertained by experiment the densities of the different 
materials composing the mountain, and also their positions relative to the 
two places of observation, arrived at the conclusion that the mean density 
of the earth is contained between 4.867 and 4.559, the mean density of 
pure water being supposed equal to unity. This gave 4.713 for the mean 
result +. 

Soon afterwards an attempt was made upon a much smaller-scale to 
accomplish the object squght for in the Schehallien experiment, by means 
of am apparatus termed the torsion balance. It consisted essentially of a 
deal rod suspended by a fine wire and having two leaden balls about. two 
inches in diameter attached to its extremities. Two leaden spheres 
about eight inches in diameter were then brought near the smaller onea on 
Pena sides of the rod, and their attraction, combined with the torsion of 
the wire, produced an oscillatory horizontal motion of the rod on each side of 
a position of equilibrium. Now the extent and the time of oscillation 
depend, ceteris paribus, on the relative intensities of the acting forces, or, 
in other words, on the torsion of the wire and the attraction of the spheres, 
Hence, if these two elements be determined by observation, te shall be 
enabled to ascertain the intensities of the two forces, and to compare the 
attraction of the spheres with the earth’s attraction, as indicated by the oscil- 
lations of a vertical pendulum. Finally, since we know the quantity of 
matter contained in the spheres, we can arrive at the quantity of matter 
contained in the earth; and, knowing its volume, we may hence derive its 
mean density. This delicate apparatus was originally devised by Michell, 
but we owe to Cavendish the first application of it to the determination 
of the mean density of the earth. From seventeen experiments made 
with it, that philosopher concluded that the mean density of the earth is 
5.48, that of water being unity t. 

In 1836, M. Reich, of Freiburg, repeated Cavendish’s experiments ; 
the only difference being that he used one ball instead of two. The 
average of all his results gave him 5.438 for the mean density of the 
carth. By far the most valuable experiments that have been made with 
the torsion balance are duc to the late Mr. Baily §. They were conducted 
at the. public expense upon a recommendation to that cffect having been 
made to the Government by the Astronomical Society; and they extended 
ever the whole period comprised between October, 1888, and May, 1842. 
The final result deduced by Mr. Baily was that the mean density of the 


earth is equal to 5.660‘. This may be considered as the nearest 
* Phil. Trans., 1776. + Phil. Trans. 1811. 
+ Phil. Trans. 1798. « § Born at Newbury, 1774; died in London, 1844, 


ll Mem. Ast, Soc., vol. xiv, 


160 HISTORY OF PHYSICAL ASTRONOMY. 


approximation to the truth which has yet been arrived at by philosophers *; 
It is remarkable that Newton conjectured that the mean density of the 
earth is about five or six times the density of watert. 

The Schehallien experiment for determining the mean density of the 
earth is purely statical; on the other hand, the experiment with thé 
torsion balance is founded on dynamical principles, being in fact a case of 
the horizontal pendulum. The vertical pendulum has also been em- 
ployed for a similar purpose. The attraction on the. top of a high 
mountain may be decomposed into two parts; one of which is the 
attraction at the level of the sea diminished in the inverse ratio of the 
square of the distance, and the other is the attraction of the mountain 
itself. Hence, if the intensities of gravity on the mountain and at the level 
of the sca be determined hy observation, the difference of the two forces 
will indicate the attraction due to the mountain, and, by a process similar 
to that. employed in the Schehallien experiment, we shall be enabled to 
ascertain the: mean density of the earth. Experiments for this purpose. 
were made by Carlini at the hospice of Mount Cenis, which has an 
elevation of 6375 feet above the level of the sea; and the conclusion at 
which he arrived was that the mean density of the earth is 4.39, that of 
water being unity. 

We have mentioned already that D’Alembert succeeded in accounting 
completely for the motion of the carth’s axis in space, arising from the action 
of the sun and moon upon the redundant matter accumulated round the equa- 
tor. It still remained, however, for geometers to ascertain whether the dis- 
turbing forces affected the position of the axis relative to'the surface of the. 
terrestrial spheroid, or whether they occasioned any change in the y@lo city 
of rotation. Observation, indeed, gave a negative answer to both @Bthese 
questions; for neither the latitudes of places on the earth's surface nor 
the length of the day appeared to have undergone any variation from the 
earliest period of history. It was desirable, however, to establish these 
facts by demonstrative reasoning founded on the theory of gravitation ; 
for, in the absence of such conclusive evidence, there existed no grounds 
for supposing that the position of the axis and the velocity of rotation 
might not be affected by secular inequalities, which, though slow in their 
developement, would in the lapse of ages become sensible by continual 
accumulation. If the axis experienced any such displacement, the 
position of the equator would be constantly shifting with inconceivable 
slowness, and the sea, by always flowing towards the new position to 
restore the equilibrium of the particles, would eventually occasion a total 
change in the relation of land and water on the earth’s surface. It is 
clear also that the latitudes of places would be ultimately affected by the 
displacement, and hence would ensue a corresponding alteration of the 
seasons. Poisson first examined this point with all the attention due to 
its importance. In an admirable paper, which was published in the- 


* Notwithstanding all the precautions used by Mr. Baily, he found that the resting 
points of the balls and the times of oscillation were subject to disturbances, the cause of. 
which he was unable to explain. In the Philosophical Transactions for 1847, there is a 
paper by Mr. Herne, of the Royal Military College of Sandhurst, in which he attempts 
He Account for these anomalies by the supposition of a magnetic state of the masses and 

alls, 

+ Verisimile est quéd copia materia totius in Terri quasi quintuplo vel sextuplo major sit 
quam sit tota ex aqua constaret.— Princip., lib. iii. prop. 10. 
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Memoirs of the Academy of Sciences for i824, he has shewn that tho 
disturbing forces of the sun and moon cammot produce, in the variables 
which determine the relative position of the carth's axis, any secular 
inequalities which might ultimately become sensible. He also found that 
the velocity of rotation could not be sensibly affected by the same cause ; 
whence it followed that the length of the sidereal day is not subject to 
any variation depending on the action of the sun or moon. 

The conclusion at which Poisson arrived is fully borne out by an examina-. 
tion of ancient eclipses. It is clear that if the diurnal motion of the earth 
be variable, the period comprised between two successive returns of a star to 
the same position relative to the horizon cannot constitute a fixed standard 
of time; and consequently the interval between the present time and any 
remote epoch, wheu expressed in terms of the sidereal day as determined 
-by modern observation, will not correspond to the number of revolutions 
which the earth has actually accomplished, as indicated hy historical 
records. It will follow also that if the diurnal motion constantly vary in 
the same direction, the difference between the computed and the historic 
epochs will increase with the lapse of time. We may therefore conclude 
that the places of the planets, when computed for any remote epoch by 
means of the modern value of the sidereal day, will differ from their actual 
Planes as assigned by the recorded observations of astronomers; and this 
difference will be more considerable for the moon than for any other body, 
on account of her rapid motion. Now, if the rotation of the earth is 
really invariable, the longitudes of the sum and moon, when computed for 
any ancient hina eclipse, ought not to differ from 180" by a quantity 
Sreater than the sum of their semi-diameters, and the difference may 
naturally be oxpected to be in many cases much less. In the Con- 

“naissance des Lumps for S00, there is a paper hy Laplace containing 
calculations of this nature for 27 celipses recorded by the Chaldeans, 
Greeks, and Arabians, and the results in all instances go to prove the 
invariability of the sidcreal day. The greatest quantity by which the 
distance between the centres of the sun and moon differs from 180°, 
amounts to 27’ 41” and relates to an eclipse which happened in the year 
382 4.c. Even this difference, however, falls short of the sum of the solar 
and lunar semi-diameters, and, therefore, docs not preclude the possibility 
of an eclipse having taken place. It is clear, then, that the length of the 
sidereal day is not subject to any sensible inequalities, since the conclusions 
deducible from the supposition of its heing constant accord so well with 
observation. Th order to illustrate this interesting fact more fully, Poisson 
assumed that the length of the day had diminished by a ten-millionth part 
since the most ancient of the Chaldean eclipses, which happencd in the year 
720 a.c.; and then, calculating the longitudes of the sun and moon for that 
epoch, he found them to differ from 1809 by 84’, This quantity being 
greater than the sum of the semi-diameters of the two bodies, is incom- 
patible with the occurrence of an eclipse, whence it follows that, during 
the lapse of 2500 years, the length of the sidereal day has not altered by 
so much as the ten-millionth part. 

An interesting question which Laplace first considered in connexion 
with the length of the sidereal day is that relating to the mean temperature 
of the earth. Various facts concur to strengthen the opinion that the 
carth was originally a fluid mass, which subsequently beeame solid by a pro- 
cess of cooling, which is even still gong on. This gradual diminution of 
temperature being necessarily accompanied by a corresponding diminution 
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of the earth's mass, tlic particles composing the latier will all in con- 
sequence approach nearer to the axis. Now, it follows immediately from 
a well-known principle in Mechanical Science, that when a body is endued 
with a rotatory motion, atid is not exposed to the action of any extraneous 
forces, the principal moment of inertia, or, in other words, the sum of the 
products furmed by multiplying each particle into its angular velocity, and 
the syuare of its distance from the axis of rotation, is a constant quantity. 
The number of particles then remaining the same, if their distances from 
the axis be diminished, their angular velocities must be increased, and 
vice versd. Hence, if the dimensions of the eafth be in a state of-con- 
traction from cooling, the velocity of rotation must be increasing, and the 
length of the sidereal day must be diminishing. It is not difficult, how- 
ever, to show that if the earth is really becoming cooler, the diminution 
of temperature must be proceeding at a very slow rate. We have seen 
that, during a period of 2500 years, the sidereal day has not been shortened 
by so much as the ten-millionth part. Now, the principles of Mechanics 
teach us that this result would ensue if the earth's radius experienced a 
diminution of only one twenty-millionth part of its length. It follots, 
then, that during the period which has elapsed since the earliest Chaldean 
observations, the meat temperature of the earth has not varied to such an 
extent as to cause the terrestrial radius to contract by one twenty-millionth 
part of its length. 

The important question of the ‘Tides has recently attracted consider- . 
able attention in this country. The Encyclopedia Metropolitana con- 
tains a valuable essay on the mathematical part of the subject, by Mr. 
Airy, founded on the theory of undulations. Sir John Lubbock and Dr. 
Whewell have been engaged during many years in determining the laws 
of the tides by observation, and in tracing thcir connexion with the places 
of the sun and moon. The results to which they have been conducted 
by their researches are containcd in a series of admirable papers, which 
continue to be published from time to time, in the volumes of the Royat 
Society. These distinguished philosophers are now endeavouring to do 
for the theory of the tides what astronomers had done for the Junar 
theory previous to the establishment of the theory of gravitation. Let us 
hope that their efforts will be attended with similar success, and that the 
day is not very remote when this important branch of Physical Astronomy 
will be in a condition to invite the researches of the geometer, and to 
reward him with a rich harvest of results. 5 

Tt is clear that if the sun and moon by their action on the earth occa- 
sion oscillations in the waters of the ocean, they ought to produce a 
similar movement in the atmospheric fluid. Laplace investigated the 
theory of this subject upon a somewhat restricted hypothesis *, and Bouvard 
undertook an extensive series of observations of the height of the baro- 
meter, with the view of detecting periodical oscillations depending on the 
places of the disturbing bodies. The effects, however, were so very minute 
as to be almost entirely masked by irregularities arising from other causes, 
and no satisfactory conclusion could be deduced from the observations. 

The oscillations of the atmospheric title will manifestly be greatest 
near the equator, and the most favourable station for detecting them would 





® Méc. Cél, liv. iv. chap. iv., liv. xiii, chap. vii. The temperature of the atmosphere 
was assed to be uniform, and the density at each point proportional to the compressing 
force. 
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, 
be some small island in the middle of the ocean, because the barometer 
would in that case be least liable to be affected by the fluctuations arising 
from the irregularities of the earth's surface. With the view of throwing 
some light on this delicate subject Captain Lefroy, of the Royal Artillery, 
undertook a series of barometrical observations at the island of St. Helena. 
These observations were conducted solely with reference to the place of 
the moon, as the effect of the sun's influence was naturally expected to be 
insensible. They extended from August, 1840, to December, 1841, and 
therefore comprised a period of seventeen months. The mean result of 
these observations clearly indicated the existence of a lunar atmospheric 
tide. It gave 28.2714 inches for the height of the barometer when the 
moon was on the meridian, and 28.2675 when she was on the horizon. The 
difference was therefore .0039 inches*. ‘The observations were subse- 
quently resumed by Captain Smythe in October, 1842, and were continued 
till Séptember, 1843. ‘The average of all the results obtained during this 
period gave .00265 inches for the excess of the altitude of the barometer, 
when the moon was on the meridian, over the altitude when she was six 
hottrs distant from it. The observations for the following two years were 
hs veld together wy Lieutenant Colonel Sabine at Woolwich, and the 
Tewults he derived from them presented a satisfactory accordance with 
those previously obtained by Lefroy and Smythe. The average excess of 
barometrical pressure during this period amounted to .00865 inches, or ig 
round numbers to .004 inches. It is manifest that the effect of the moon’s 
action ought to be greatest when she is in perigee, and least when she is 
in apogee. This is unequivocally indicated by the observations, as appears 
from the following results of the mean barometrical excess, obtained by 
8 comparison of observations made when the moon was on the medidian, 
and when she was six hours distant from it -— 





Mean excess of pressure derived — 


from 13 epochs of perigee, between ten ee ot 
Oct. 1843 and Sept. 1844, 00107 inches. 


Oct. 1844 and Sept. 1845, 00394, 
from 15 epochs of apogec, between 


from 13 epochs of perigee, between \ 
Oct. 1843 and Sept, 1844. | 


OOBLL ,, 
from 14 epochs of apogee, between 60347 
Oct. 1844 and Sept. 1845. op a 


. These quantities are small, but still they ave sufficiently sensible to 
establish beyond doubt the existence of oscillations in the atmosphere, 
similar to those which affect the waters of the ocean. This is not the 
least interesting of the many facts in physical science which would have 
for ever escaped detection, if their existence had not been suggested by 
the theory of gravitation. 


* Phil. Trans., 1847. 
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CHAPTER XII. 


Introductory Remarks, —-Ancient Observations of Uranus.— Calculation of Tables of the 
Planet by Delambre.—Tables of Bouvard.— Irregularities of the Planet.—Speculations 
respecting their Origin. —Errors of Radius Vector.— Researches of Geometers. — Bessel. 
—Adams.—Inverse Problem of Perturbation.— Account of Adams’ Researches relative 
to the existence of a Planet exterior to Uranus,—Results obtained by him.—Researches 
of the French Astronomers on the Theory of Uranus. Eugene Bouvard.—Le Verrier. 
—Account of his Researches. —Near agreement of his Results with those of, Adams.— 
Steps taken by Airy and Challis for the purpose of discovering the Planet.—New 
Results obtained by Adams,—Explanation of errors of Radius Vector. — Account of 
the second part of Le Verrier’s Researches on the Trans-Uranian Planet.—- Address of 
Sir John Herschel at Southampton.—The Planet discovered at Berlin by Galle.— 
Admiration excited by the Diseovery.— Account of Challis' Labours.—Public An- 
nouncement of Adams’ Researches.— Impression produced by it,—Historical Statement 
of the Astronomer Royal.— Publication of the Researches of Le Verrier and Adams.—- 
Remarks suggested by the Discovery of the Planet. 


Tne Theory of Gravitation is not more remarkable for the sublimity of its 
results than for its varied and effective character, when considered as an 
instrament applicable to the discovery of truth. By unfolding its prin- 
ciples, the astronomer, without leaving his observatory, has been enabled 
to determine the distances of the sun and moon from the earth, to weigh 
the planets as in a balance, and to educe order and stability from the 
countless irregularities of their motions. It has conducted him to a know- 
ledge of the figure of the carth by merely watching the motion of the moon 
or the swinging of a pendulum, and it supplies the means of ascertaining 
the figures of the celestial orbs without measuring their apparent dimen- 
sions. The eccentric aberrations of comets, the ebbing and ‘flowing 
of the tides, and the oscillations of the atmosphere, all equally attest the 
value of its guidance in exploring the hidden operations of nature. But a 
still more striking triumph of this magnificent theory was reserved for our 
own day, when the mathematician, by meditating in his chamber upon its 
principles, has succeeded in revealing ‘the existence of a new planetary 
world, vastly execeding the earth in magnitude, which had hitherto escaped 
the serutinies of astronomers, aided by all the powerful appliances of optical 
science. 

Soon after the discovery of Uranus by Sir William Herschel in 1781, it 
was ascertained that astronomers had observed it on many previous occa- 
sions without recognising it to be a planet. Even as early as 1690, Flam- 
stead had designated it as a star of the sixth magnitude; and from that year, 
down to 1781, astronomers had determined its position no fewer than 
nineteen different times, under an erroneous impression of its real nature *. 


* Bode first discovered two ancient observations of Uranus; onc in the Historia Celestis 
of Flamstead (the observation of 1690), and the other in one of Mayer's Catalogues. Soon 
afterwards Lemonnier detected three positions of the planet among his own observations. 
Bessel, while engaged in reducing Bradley’s observations, found that the position of Uranus 
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These observations have proved eminently serviceable in conducting astro- 
nomers to the true theory of the planet's motion; for, as it takes eighty-four 
years to effect a complete revolution round the sun, it is manifestly impos- 
sible to arrive at definite ideas respecting the irregularities of its motion 
except by means of observations which are considerably distant from each 
other, In 1790, the observations of the planet had become sufficiently 
numerous to induce the Academy of Sciences of Paris to propose the theory 
of its motion as the sulject of a prize. Delambre was on this oceasion the 
successful competitor. ‘The elliptic elements were determined by a skilful 
combination of the observations subsequent to the discovery of the planet, 
and the perturbations occasioned by Jupiter and Saturn were computed by 
means of the formula of the Mécanique Céleste. The theory of the planet 
. established upon these principles was found to agree very well with three 
ancient positions which had been already detected among the observations 
of Flamstead, Lemonnier, and Mayer. Delambre employed it in -cal- 
culating tables of the planet, which continued for a few years to represent 
the actual motion with tolerable accuracy. As time, however, wore on, 
the discordance between theory and observation constantly increased, and 
a growing desire was felt by astronomers that the theory should be revised 
and employed in the calculation of new tables. This task was undertaken 
by Bouvard, whose tables of the planet appeared in 1821. While engaged 
in correcting the clements for this purpose, he experienced a singular 
cause of perplexity. He found that the earlier observations of Flamstead, 
Mayer, Lemonnier, and Bradley, might all be satisfied by an ellipse of a 
determinate form and position ; but he attempted in vain to include in the 
same orbit the observations of the planct made subsequently to its discovery, 
although these, on the other hand, might also be satisfied by an ellipse, the 
elements of which were different from those of the other. “The construc. 
tion of the tables, then,” says Bouvard, “involves this alternative :—if 
we combine the ancient observations with the modern, the former will 
be sufficiently well represented, but the latter will not be 80, with all the 
precision which their superior accuracy demands; on the other hand, if 
We reject the ancient observations altogether, and retain only the modern, 
the resulting tables will faithfully conform to the modern observations, but 
will very inadequately represent the more ancient. As it was necessary 
to decide between these two courses, 1 have adopted the latter, on the 
ground that it unites the greatest number of probabilities in favour of 
truth, and I leave to the future the task of discovering whether the 
difficulty of reconciling the two systems is connected with the ancient 
observations, or whether it depends on some foreign and unperceived cause 
which may have been acting upon the planet.” 
Bouvard accordingly rejected thé ancient observations, and constructed 
his tables exclusively on the basis of those comprehended between the dis- 


had been on one oceasion determined by that astronomer. Burchardt, having made new 
researches into Flamstead’s Historia Celestis, discovered four additional observations of 
the planet, one on the 2nd April, 1712, and the other three on the 4th, 5th, and 10th of 
March, 1715. Bouvard having carefully inspected all Lemonnier's observations found: 
ten more positions of the planet. It is remarkable, that of six observations by that 
astronomer, two were made by him on two consccutive days, and the other four on four 
consecutive. days. If it had only occurred to him to compare together his observations 
on either of these occasions, he could not fail to have anticipated Herschel in the discovery 
of the planet. Le Verrier, in his investigation of the theory of Uranus, rejects Flam- 
stead’s observation of the 5th March, 1712, and adopts another by the same astronoy 
dated the 29th "April, 1712, without, however, mentioning do. ee Ce ae 
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covery of tho planet in 1781 and the year 1820. These tables, like 
Delambre’s, presented at first a very satisfactory accordance with obser- 
vation, but after only a few years had elapsed they began to be sensibly 
erroneous, and they continued henceforward to deviate more and more 
from observation. ‘The difficulty connected with the theory of the planet 
now assumed a more definite character, for it clearly did not depend on the 
ancient observations, since those of a more recent dato were becoming 
equally irreconcileable with the tables. 

Bouvard was in all probability the first person who was led to ascribe 
the irregularities of Uranus to the perturbations produced by an unknown 
planet. The passage from his tables already cited contains an obscure 
allusion to this hypothesis; but we should not be warranted on such 
grounds in awarding to him the merit of its original conception, if we did 
not possess abundant evidence from other sources that he had a strong 
persuasion of its truth. In fact, the venerable asttonomer appears to have 
elung with tenacity to this explanation of tho anomalies of the planet, 
down to the latest years of his life. Nor, indeed, was the idea of a planet 
exterior to the acknowledged boundaries of the solar system altogether 
now. ven as carly as the year 1759, we find Clairaut speculating upon 
the probability of Halley's comet being exposed to the disturbing action of 
h planet too remote to be visible *, 

Dr. Hussey was unquestionably one of the first astronomers who had 
the sagacity to divine the true cause of the irregularities in the motion of 
Uranus. Writing to Mr. Airy, in 1834, he mentioned, that having care- 
fully determined the position of Uranus on several occasions ay the 
preceding year, he was led to examine closely Bouvard’s tables of the 
planet, and he remarked that the strange inconsistency of the ancient and 
modern observations had suggested to him the possible existence of some 
disturbing body beyond Uranus}. He intimated, also, a design of sweep- 
ing for the planet with his large reflector, provided one or more positions 
of it were determined empirically. He added, in the same letter, that he 
had some conversation on the subject with Bouvard, who, in reply, asserted 
that he entertained a similar opinion with respect to the cause of the 
planet's irregularities, and had been corresponding with Hansen respecting 
it, Hansen replicd, that one exterior planet would not account for the 
errors of the tables, and that two planets were necessary for this purpose. 

As the errors of the tables continued to increase, the conviction of 
their real origin was constantly gaining ground among astronomers. M. 
Valz, of Marseilles, writing to M. Arago in 1835, on the subject of 
Halley’s comet, made the following interesting remarks relative to the 
probable existence of a ‘lrans-Uranian planct. “I would rather have 
recourse to an invisible planet situated leyond Uranus. Its period, 
according to the order of the distances, would be at least triple that of the 
comet, so that the perturbations of the latter would nearly recur at the 
close of every three revolutions, and the calculations made for four or five 
well-established cycles would enable us to trace them. Would it not be 


* See page 104 of this work. 

t Account of some Circumstances historically connected with the Discovery’ of the 
Planet exterior to Uranus, by G. B. Airy, Esq., Astronomer Royal. This important 
collection of correspondence relating to the theoretical discovery of the planet Neptune 
was read before the Astronomical Society on the 13th November, 1846, and was pub- 
lished both in the Monthly Proceedings, ind also in vol. xvi. of the Memoirs of the same 
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admirable to arrive thus at a knowledge of the existence of a body which 
cannot be perceived,” 

Guided by the same sagacious and philosophical views, but reasoning upon 
more legitimate grounds, Mrs. Somerville alludes in the following terms 10 
the probable existence of an unknown planct in the third edition of her 
interesting little work on The Connexion of the Physical Sciences.” “'The 
tables of Jupiter agree almost perfectly with modern observations; those 
of Uranus, however, are already defective, probably because the discovery 
of the planet in 1781 is too recent to admit of much precision in the de- 
termination of its motions, or that possibly it may be subject to disturb- 
ances from some unseen planet revolving about the sun beyond the present 
boundaries of our system. If, after the lapse of years, the tables formed 
from a combination of numerous observations should still be adequate to 
represent the motions of Uranus, the discrepancies may reveal the existence, 
nay, even the mass and orbit of a body placed for ever beyond the sphere 
of vision.” One more of such extracts will shew how strong the per- 
suasion now was,.respecting the existence of a Trans-Uranian planet. 
Professeor Midler, in his “ Treatise on Popular Astronomy,” after remarking 
that Uranus might have been discoyered by means of the perturbations it 
produces in the motion of Saturn, alludes in the following prophetic terms 
to the probability of discévering a planet exterior to Uranus. “ Applying 
this conclusion to a body beyond Uranus, we approach a planet acting 
upon and disturbing it. We may, indeed, express the hope that analysis 
will one day or other solemnize this, her highest triumph, making dis- 
coveries with the mind's eye in regions where, in our actual state, we are 
unable to penetrate.” 

The steadiness with which the errors of the tables continued to increase 
rendered the necessity of their explanation more and more indispensable. 
Jn 1835, the computed geocentric longitudes of the planct exhibited a dis- 
cordance with observation amounting to 30”; in 1838 the discordanco 
amounted to 50”, and in 1841 to 70”. Nor were these errors simply the 
effects of errors in the heliocentric longitude of the planet. On the con 
trory, Mr, Airy clearly shewed, by means of his observations of the planet 
made at Cambridge in the years 1833-34-34, and at Greenwich in 3836, 
that the radius vector of the tables was also considerably in error. 

The time had now arrived for the geometer to apply the powers of 
analysis to the investigation of these anomalies. The illustrious Bessel 
appears to haye entertained the idea of attacking this important problem. 
On the occasion of his visit to England in 1842, he expressed to Sir John 
Herschel his conviction that the irregularities in the motion of Uranus 
were occasioned by the action of some unknown planet, and he added, that 
as soon as he should obtain leisure from other researches in which he was 
engaged he would undertake the determination of its actual positiont. Jt 
appears that, as a preliminary step to the inquiry, he had instructed M. 
Flemming, a young German astronomer, to reduce with great care all the 
observations of the planet. lemming executed the task assigned to him ; 
but, unfortunately, soon afterwards, Bessel was seized with the illness 
which proved fatal to him, and the inquiry was not prosecuted further§. 








% See the Comptes Rendus, tome xxiv. p. 35. 

t Published in 1836, t Atheneum, October 3rd, 1846. 

§ M. Flemming died soon after he completed the calculations, The reduced observa- 
tions are now in the possession of M. Schumacher of Altona. See Sir John Herschel’s 
Nolies of the lit: of Bessel, in the sixteenth volume of the Memoirs of the Astronomical 
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The theory of Uranus was now about to be submitted to a severe 
examination by a young mathematician of England: Mr. J. C. Adams, 
wlule still pursuing his studies at St. John’s College, Cambridge, had pur- 
posed investigating the cause of the strange irregularities in the motion of 
the planet. His attention was first drawn to the subject by Mr. Airy's 
allusion to those anomalies in his valuable Account of the Progress of 
Astronomy in the nineteenth century, contained in the Report of the 
British Association for 1832. Mr. Adams, on referring to his note-book 
ata subsequent period, found the following memorandum inserted in it 
under the date of the 3rd July, 1841:—* lormed a design in the begin- 
ning of this week of investigating, as soon as possible after taking my 
degree, the irregularities in the motion of Uranus which are yet unac- 
counted for, in order to find whether they may be attributed to the motion 
of an undiscovered planet beyond it, and if possible thence to determine 
approximately the elements of its orbits, &c., which would probably lead 
to its discovery.” 

Mr. Adams having taken his degree in January, 1848, proceeded to 
consider the subject of his future researches. ‘The problem, which offered 
itself to him for solution may be stated in the following terms:—Assuming 
that Uranus was disturbed by some unknown body, to determine the posi- 
tion of the latter, its mass, and the elements of its orbit, by means of the 
irregularities it produces in the motion of the disturbed planet.. This © 
problem being the inverse case of the ordinary problem of Louina' per- 
turbation is manifestly of a very intricate character, and demands the 
resources of @ very refined analysis for its successful treatment. Nay, it is 
even more complicated than at first it appears to be, for the elements of 
Uranus, which form the basis of the geometer’s researches, are vitiated 
by the action of the unknown planet, and their rectification, however 
desirable, can only bo effected by the actual solution of the problem. In 
order to acquire clear ideas upon this point, the reader must bear in mind 
that the fundamental or mean orbit of Uranus is an ellipse, in which it 
would constantly revolve if it was exposed solely to the attractive influence 
of the sun, and that the action of the other bodies of the system tends 
merely to occasion minute excursions of the planet now on one side and 
now on the other side of this orbit. It is manifest, then, that in deter- 
mining the elliptic elements of a planet's motion by means of its positions 
as assigned by observation, the effects of perturbation must be subducted 
from the co-ordinates of each position, in order that the planet may be reduced 
to the place which it would occupy in the mean elliptic orbit. “Now, when 
Delambre and Bouvard were severally engaged in determining the elements 
of Uranus, they applied the perturbations due to Jupiter and Saturn as cor- 
rections to the positions derived from observation; but, as they did not take 
into account the action of the unknown planet, it is manifest that, if the 
latter really existed, the final values of the heliocentric co-ordinates, as de- 
termined by each of these astronomers, must have failed to represent the 
elliptic positions of the planct. Hence, the elements deduced from these 
erroneous data were uccessarily inaccurate, and it is manifest that this 
circumstance alone would have the effect of distorting the orbit of the 
planet, and thereby occasioning discordances between the observed and 
computed values of the longitude, latitude, and radius vector. The errors 
of the tables of Uranus were, therefore, attributable to two distinct causes, 
being due partly to the errors in the elements of the planet's own orbit, 


& 
* Mem. Ast. Soc. vol. xvi.: see also the Nautical Almanac for 1850. 
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and partly to the disturbing action of the unknown planet. These 
two causes of error, although totally opposite in their natures, had both a 
common origin, and their effects on this account were so thoroughly en- 
tangled in each other, that it was impossible to investigate either inde- 
pendently. This circumstance, as may well be supposed, vastly increased 
the difficulty of the problem. If it had been possible to ascertain what 
portion of the irregularities of the planet was in each case dite to the 
errors of the elements, the values of these errors might have been deter- 
mined by the ordinary methods of astronomy ; and when once the elements 
were thus corrected, it would have been undoubtedly a less arduous task to 
ascend from them to the elements of the unknown planet, But it clearly 
follows, from the remarks we have already made, that the elements of Uranus 
cannot be determined without taking into account the whole effects of plane- 
tary perturbation, and this again implies a knowledge of what is the very 
object of inquiry, namely, the elements and mass of the unknown planet. 

The problem, then, admits of being completely treated only by a method 
which shall embrace in one simultaneous investigation the corrections to the 
elements of Uranus and the elements and mass of the unknown planet. Now, 
the elements of a planet are six in number. The problem, when considered 
in all its generality, will therefore involve thirteen unknown quantities, 
As, however, it appeared from observation that the perturbations of Uranus 
in latitude were very small, the two planets might be supposed, for all the 
purposes of a first approximation, to revolve in the same plane, and by this 
simplification the number of unknown quantities was reduced to ‘nine. 
These were:—the corrections to the mean distance, the eccentricity, the 
longitude of the perihelion, and the epoch or mean longitude of Uranus ; 
and the absolute values of the same elements relative to the unknown 
planet together with its mass. Now, in the case of one planet acting upon 
another and disturbing its motion, the theory of perturbation enables the 
geometer to express the corrections to the co-ordinates of the disturbed 
planet in terms of these nine wknown quantities; and, if the hypothesis * 
of an unknown planet was true in the present case, these corrections ought 
to account for the differences between the observed and computed positions 

. of the planet Uranus. Hence, by comparing the analytical formule for 
the corrections to the co-ordinates of Uranus with the numerical errors 
of the tables, a number of equations of condition are formed, and the 
problem is finally reduced to the elimination of the unknown quantities 
from these equations. It may readily be imagined that this opération is 
attended with difficulties of no ordinary kind. In fact, only a thorough 
acqtlaintance with the nature of planetary perturbation, and a complete 
command of analysis, combined with consummate skill in its application, 
will suggest to the mathematician such artifices as may lead to the dis- 
engagement of the unknown quantities from the complicated expressions 
in which they are involved. 

* Nor does the mere elimination of the unknown quantities constitute the 
only difficulty attending the solution of the problem. Unless the equa- 
tions of condition be skilfully combined together, it may happen that the 
values of the unknown quantities, although deduced by a strictly legiti- 
mate process of reasoning, will prove totally erroneous when considered 
as physical results. This will be readily understood by the reader when he 
takes into account the mode in which the equations of condition are formed. 
In each case the error of the planet's place is expressed algebraically in 
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condition is formed by putting this expression equal to the actual error as 
determined by a comparison of the observed and computed places of the 
planet, Every tabular error furnishes a corresponding equation, and thus 
the number of equations of condition is limited only by the number of in- 
dependent observations. Now, if the latter were mathematically accurate, 
the equations of condition would all be consistent with each other, so that 
any nine of them would suffice for the determination of the nine unknown 
quantities of the problem, and the values hence deduced would rigorously 
satisfy all the other equations. But, as all observations are necessarily 
more or less erroneous, the ervors resulting from a comparison of the ob- 
served and calculated places of the planet will not be wholly dependent 
on the unknown quantities of the problem; and the equations of condition 
being vitiated in consequence, will prove to a certain extent incom- 
patible with each other, so that every nine equations selected for the de- 
termination of the unknown quantities will conduct to different results. 
With a view to elude this source of error, the number of equations of 


" condition is generally made to exceed in a great degree the number of 


‘unknown quantities, and the grand object, then, is to combine them to- 


gether, so that the errors of observation may destroy cach other, and a 
system of equations may finally be arrived at which will assign the true 
values of the unknown quantities. 

Mr. Adams first proceeded to examine the perturbations produced 
in the motion of Uranus by the other planets, in order to assure himself 
beyond doubt that the errors of Bouvard’s tables did not proceed from 
an erroneous application of the existing theory*, For this purpose he 
recomputed the principal perturbations due to Jupiter and Saturn, 
and introduced some new inequalities which had been first pointed 
out by Hansen}. He also took into account the correction to Jupiter's 
mass, to which recent researches had conducted Astronomers. Not- 
withstanding these improvements, the theory still failed to represent 
the motion of the planet. Two important advantages were, however, 
gained by these preliminary labours. In the first place, it was clearly 
established that the cause of the irregularities must be sought elsewhere 
than in the development of the actual theory. In the second place the 
application of the improvements had the effect. of exhibiting the errors of 
the tables as residual facts wholly dependent on some extraneous influence, 
and consequently they now assumed a more precise and definite character 
than they had previously done. The first point to be decided in this 
inquiry was, the most suitable mode of exhibiting the irregularities in 
the motion of the planet. We have mentioned already that both’ the- 
heliocentric longitude aud radius vector had been discovered to be 
sensibly in error. Now it may be remarked that the problem admits 
of solution by employing as the basis of investigation an adequate number 
of the errors of either of these co-ordinates, independently of those of the 
ether. In point of fact, however, the errors of the radius vector’ were 
too inconsiderable to be employed with safety in such an inquiry, although 
they might be subsequently used with advantage in verifying results 
otherwise derived. Mr. Adams, therefore, had recourse to the errors of 
heliocentric longitude, which in somé instances amounted to 2’ or 3’, and 
extended over a period embracing more than a revolution and a half of 
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the planet round. the sun. But here a difficulty occurs, the nature of 
which it is necessary briefly to explain. The earth being the place from 
which all observations are made, the position of a planet in the zodiac is 
determined by its geocentric longitude, or its angular distance from the 
vernal equinox relative to the centre of the earth. But, as the sun is the 
natural centre of the planet's motion, the theory of the latter assigns only 
the heliocentric longitude, or the distance from the vernal equinox relative 
to the centre of the sun. In order, then, to compare the observations 
of the planet with the results of theory, it is necessary to pass from the 
geocentric longitude, derived immediately from observation, to the cor- 
responding value of the heliocentric longitude. This object may be ef: 
fected by a simple process of trigonometry, if we know the length of the 
radius vector of the planct, and the position of the earth in her orbit, 
corresponding to the time of observation. The former of these data may 
be obtained from the tables of the planet, and the latter from the solar 
tables. It is manifest, however, that if the tabular radius vector of the 
planet be erroneous, the computation will be vitiated, and a false value 
will be assigned to the heliocentric longitude. ‘The question then arises, - 
how are we to pass from the geocentric longitude of the planet to the 
heliocentric: longitude without complicating the result with the effect of 
the error of the radius vector. This object is accomplished per se for all 
observations made when the planet is in opposition, for the sun, the earth, 
and the planet being then in the same straight line, the geocentric and 
heliocentric longitudes will necessarily coincide, and they will both retain 
the same common value, whatever be the length of the planet's radius vector. 
Even if the observations should not be made when the planet is actually 
in opposition, the heliocentric longitudes may bo obtained free from tha 
errors of radius vector by skilfully combining together the observations 
made before and after opposition. Mr. Adams in this manner deduced 
from the observations of Uranus twenty equidistant values of heliocentric 
longitude, for the period included between 1780 and 1840. Comparing 
these with the tabular yalues he obtained a corresponding series of 
errors in heliocentric longitude, which, with those derived from the 
ancient observations of the planet, formed the data of his final investi- 
gation of the problem. 

Mr. Adams commenced his researches by supposing the orbit of the 
planet to be circular, and its mean distance from the sun double the mean 
distance of Uranus. It was probable from analogy that both these sup 


* If we suppose the radius vector of the tables to be {oo small, then, before the earth 
arrives in opposition, the planet will appear behind its computed place ; and, on the other 
hand, when the earth has passed opposition, it will appear in advance of its computed place. 
Hence it is not difficult to perceive that these opposite effects may be destroyed by a suit- 
able combination of observations made before and after opposition, The same remark 
will manifestly apply, if the tabular radius vector be too large ; the ovly difference being, 
that in this case the planct before opposition will appear in advance of its computed place, 
and after opposition will appear bebind it, After Kepler made the memorable discovery 
that the orbit of Mars was not a circle, but retired within that curve towards the mean 
distance, his active imagination soon devised a theory in which the planet was supposed 
to move in an oval, the distance of which varied according to a certain law. This hypo- 
thetic orbit was, however, too much compressed in the sides to represent the true ellipse of 
the planet; and, accordingly, Kepler mentions that David Fabricius, to whom he eom- 
maunicated his theory, remarked to him that the observations of the planet before and after 
opposition indfcated that the distances of the oval were all too short. “So nearly,” says 
he, “ did that astronomer anticipate me in the discovery of the true orbit of the planet,” 
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positions did not differ widely from the truth*. Without some assumed 
value of the mean distance, the operation of eliminating the unknown 
quantities would have been totally impracticable; but, when this object 
was once accomplished, a more accurate value might be afterwards arrived 
at, either by varying the hypothesis and comparing the results with those 
derived in the first instance, or by introducing into the second solution 
a correction to the assumed mean distance in the shape of a new un- 
known quantity. The results which Mr. Adams obtained by means of 
his first essay were sufficiently satisfactory to encourage him to pursue 
his researches. The observations which he employed were most defective 
throughout the period included between the years 1818 and 1826, and it 
was precisely in that period also that the errors of his theory were greatest. 
This circumstance induced him to apply to the Astronomer Royal, through 
his friend Professor Challis, for the Greenwich Observations of the planet 
then in process of reduction. Professor Challis’ letter to the Astronomer 
Royal on this occasion is dated the 13th February, 1844}, He mentions 
in it that Mr. Adams, a young friend of his, was engaged in researches 
on the theory of Uranus. He then specifies the nature of his request, 
expressing also a desire to know whether, in comparing the observations of 
the planet with the theory, any alteration had been made in the tables of 
Bouvard, except that depending on the correction to the value of Jupiter's 
mass. The Astronomer Royal a day or two afterwards returned a suitable 
reply to Professor Challis’ letter, and kindly transmitted, for the use of 
Mr. Adams, all the Greenwich Observations of the planet from 1750 to 
1830 completely reduced }. 

Furnished with these valuable data, Mr. Adams was now in a con- 
dition to pursue his researches with the prospect of ultimate success, 
He accordingly undertook a more comprehensive investigation of the pro- 
blem by considering the orbit of the disturbing planet to be elliptic. By 
repeating the approximation several times, introducing on each occasion 
more and more terms of the perturbation, he succeeded in gradually reduc- 
ing the errors of Uranus, until its computed places finally exhibited a very 
general and satisfactory accordance with those derived from observation. 
In the autumn of 1846, he considered his researches were so far matured 
as to warrant the presumption that his results might be employed with a 
strong probability of success in searching for the new planet. Accordingly 
in the month of September, before leaving Cambridge, he placed in the 
hands of Professor Challis a paper containing numerical values of the 


* The following curious law regulating the mean distances of the planets from the sun 
was first announced by Bode, the German astronomer. It is said, however, that he was 











indebted for the original notion of it to Titian, a professor of Wurtemberg. 
Mercury ° Ps ey . . . = 4 
Venus . . . . at se = 7 
The Earth . = 10 
Mars. . . . . ‘ a = 16 
Ceres (as the mean of the smaller plancts) = #8 
Jupiter a . . . 4 . = $2 
Saturn ‘e 2 “ f * a .2" — 100 
Uranus . ». =443.2 = 196 





Tf we compare these numbers with the actual distances (supposing the earth's distance 
to be in both cases represented by 10), we shall find a very remarkable agreement. It is 
easy to perceive that as the planets recede from the sun, their successive distances become 
more nearly double each other. ze 

+ Airy’s Historical Statement of circumstances connected with the discovery of the planet 
beyond Uranus, No. 6. 
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» mass, the epoch, the eccentricity, and the longitude of the perihelion 
of the disturbing planet, together with its geocentric longitude for the 
30tIt of September, 1845. Mr. Adams was also anxious to communicate 
his results to the Astronomer Royal, and for this purpose the kind offices of 
Professor Challis were again tendered. The letter of Professor Challis to 
the Astronomer Royal on this occasion is dated the 22nd September, 1845 . 
He mentions in it that Mr. Adams had completed his investigation re- 
lative to the supposed existence of a planet exterior to Uranus; that his 
researches were founded on the observations which Mr. Airy was kind 
enough to send him some time previously, and that he was desirous of 
communicating his results personally to him. He added, also, that from 
Mr. Adams’ character as a mathematician, and his practice in calculation, 
he considered that his conclusions had been accurately deduced from his 
premises. Mr. Airy happened to be from home when Mr. Adams called at 
Greenwich, but a few days afterwards he wrote a letter to Professor Challist, 
expressing the strong interest he felt in the subject of Mr. Adams’ re- 
searches, and thentioning that he would be happy to hear by letter from 
him respecting them. : 

On one of the last days of October, 1845, Mr. Adams called at the 
Royal Observatory, and left « paper containing the elements of the 
new planet, and the errors resulting from a comparison of the improved 
theory of Uranus with a great number of observations of the planet from 
1690 to 1810§. These errors, which, by Bouvard's tables, amounted fre- 
quently to 3’, were now for the most part little more than 1”. The fol- 
lowing are the clements of the planet, as given by Mr. Adams in this 
important paper:— 

Mean distance from the sun, the carth’s 


distance being represented by unity . 88.4 
Meau sidereal motion in 365.25 days » 1° 80°.9 
Mean longitude, Ist October, 1845. . 8232.84’ 
Longitude of perihelion. 7 . » 815.55 


Eccentricity. . = : ‘ 1610 

Mass (that of the sun being unity). - .0001656 
These elements give 7° 39’ for the mean anomaly of the planet on tho ist 
October, 1845, and 3° 8’ for the equation of the centre. Hence, by adding 
the latter to the mean longitade, we get 326° 87’ for the true heliocentric 
longitude of the planet. Now, if we compute the place of the planet for 
the same instant by means of the elements derived from observation, we 
shall obtain 824° 48’ for the true longitade4. The difference, therefore, 
between the actual and theoretical places was only 1° 49’; and it is clear 
that if we had employed, as the epoch of comparison, the 28rd September, 
1846 (the epoch of the actual discovery of the planet), the result would 
not have been materially different. 

Thus it appears that, as early as the month of October, 1845, seven 
months before any other person had arrived at a similar conclusion, 
Mr. Adams had solved the inverse problem of planetary perturbation ; 
that, by means of his solution, he had discovered, theoretically, the 
existence of a planet exterior to Uranus; and that he had assigned to 


* Challis’ Report to the Syndicate of the University of Cambridge; see also Phil, 
Mag., 1847. 

+ Airy’s Nist. Statement, No. 9. ¢ Airy’s Hist. Statement, No. 10. 

§ Ibid, No. 11. 
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the unknown body a place in the heavens which was subsequently found 
to differ little more than onc degree from its actual place. All that was 
now wanting, therefore, to assure both to Mr. Adams and to his country 
the undivided honour of one of the noblest discoveries recorded in the 
annals of science, was some zealous observer to give effect to his 
results, by carefully searching the heavens in the vicinity of the place 
indicated by his theory as that occupied by the planet. If such a scru- 
tiny had been undertaken, and prosecuted for some time, it would beyond 
ali doubt have resulted in the actual discovery of the planet, and the name 
of Adams would have been alone associated with that remarkable triumph 
of science. Such ® consummation was not destined to be the reward of 
Mr. Adams; but this circumstance does not detract in the slightest de- 
gree from the merit of his researches ; for it is now universally admitted 
that he was the first theoretical discoverer of the planet, and that, as far 
as the task of the mathematician was concerned,-he left no part of the 
problem relative to the determinagion of its actual position to be com- 
pleted by others. 

A few days after the Astronomer Royal received Mr. Adams’ paper con- 
taining the elements of the new planet, he wrote a letter to that gentleman, 
thanking him for his communication, and stating that the results appeared 
1o him very satisfactory *. He mentioned, however, that he was desirous 
of knowing whether the theory gave an equally satisfactory account of the 
errors of radius vector, directing Mr. Adams’ attention to the fact of these 
errors having recently become very considerable. : 

‘Mr. Airy deemed the explanation of the errors of radius vector to be an 
eaperimentum crucis, which would decide, in his mind, the question of the 
legitimacy of Mr. Adams’ researches, and he naturally enough waited for 
the reply of that gentleman before taking any activo steps for the purpose 
of discovering the planet. Unfortunately, Mr. Adams did not consider it 
a matter of importance to transmit prompt information to Mr. Airy on 
this point; and it was not until nine months afterwards, when his results 
were confirmed by similar researches, prosecuted in another quarter, that 
any attempt was made to obtain their verification. It must not, however, 
be inferred, from the fact of Mr. Adams not having returned an immediate 
answer to. Mr. Airy’s letter, that he was prevented from doing so-by any 
imperfection in his solution of the inverse problem of perturbation. When 
once the elements of the unknown planet, and the corrections to the elements 
of Uranus, have been deduced from the errors of longitude, the errors of 
radius vector may then be calculated by a direet process which does not 
involve any analytical difficultics beyond those already vanquished in the 
Mécanique Céleste, We shall again have occasion to advert to this point. 

It is necessary to state, hefore proceeding further, that Mr. Adams’ re- 
searches on the theory of Uranus were uot hitherto made known to the 
public. The two astronomers whom we have had frequently occasion to 
allude to in connexion with him, and a few of his friends at Cambridge, 
appeared to have been the only individuals who were acquainted with the 
nature of his labours. We shall now give an account of the researches of 
the French astronomers in connexion with the same subject. 

In the month of September, 18-45, Eugene Bouvard, nephew of the astro- 
nomer Alexis Bouvard, presented to the Institute new tables of Uranus}. 
They were founded on the observations of the planet made subsequently 


* Airy's Hist. Statement, No. 12. This letter is dated'the 5th November, 1845.. 
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to its discovery in 1781, and on the anterior observations of Bradley, 
Lemonnier, and Mayer. The actual motion of the planet was represented 
better by them than by the tables constructed in 1821, but the- residual 
errors were still, in many instances, too great to be accounted for by an 
probable errors of observation. This was candidly admitted by the author 
of the tables, who intimated also his belief that the errors were of such a 
nature as to give countenance to the opinion entertained by his uncle that 
they were due to the perturbations produced by another planet *, 

The failure of this laborious attempt to correct the tables of Urantia 
without the introduction of any new hypothesis, beyond doubt produced a 
strong impression, on the minds of the French astronomers; and it was 
probably this circumstance which induced M. Arago to propose to his 
friend, M. Le Verrier, the theory of Uranus as a subject eminently 
worthy of attention. We have already had frequent occasions to allude 
to the labours of this talented mathematician. He had recently been 
occupied with the theory of comets, but, at the suggestion of the illustrious 
philosopher just mentioned, he temporarily laid aside his researches on 
that subject, and resolved to institute a searching scrutiny into. all the 
citeutatances affecting the motion of Uranus. An account of the first 
fart of his researches appeared in the Comptes Rendus, of the Academy 
of Sciences, for the 10th November, 1845. It contained the result of a 
rigorous examination of the motion of the planet according to the princi- 
ples of the actual theory. The only interior planets which produce sen- 
sible perturbations in the motion of Uranus are Jupiter and Saturn, and 
of these the latter exercises the more powerful influence, on account of 
his comparative proximity to the disturbed planet. Le Verrier deter- 
mined the value of every inequality depending on the action of Saturn, 
that exceeded the twentieth part of a second, employing two distinct 
methods of calculation, in order to assure greater accuracy to his results}. 
He also computed all the perturbations occasioned by the action of Ji upiter, 
Nor did he confine his researches to the inequalities of the first order of 
magnitude. All the principal inequalities depending on the squares of 
the disturbing forces were also taken into account by him}. A great 
number of small terms were thus introduced, for the first time, into the 


* Ina letter from Eugene Bouvard to Mr. Airy, dated the 6th October, 1837, we 
find also an allusion to the opinion entertained hy his uncle, Alexis Bouvard, that the ir. 
regularities of Uranus were occasioned by a disturbing planet. After adverting’ to the 
inconsistency of the tables with observation, he then proceeds thus: “ Cela tientcil aune 
perturbation inconnue apportée dans le movement de cet astre par un corps situé tue 
dela ! Je ne sais, mais c'est du moins l'idée de mon onele,”— Airy’s Hist. Statement, No. 3 

t One of these methods is that to which allusion has been made in page 115 of this work, 

+ When the mutual action of two planets is considered, their perturbations are first 
computed by supposing them to move in ellipses, and the resulting inequalities are of the 
first order with respect to the disturbiig forces. In a second approximation the perturba- 
tions consequent upon the derangements of the motions of the two planets, as assigned by 
the first approximation, are taken into account, and the inequalities hence derived are of the 
second order with respect to the disturbing forces, It i important to remark that the 
inequalities of the second order may be materially modified by the derangements of both 
planets depending upon the action of a third planet. This happens when the theory of 
Uranus and Saturn is considered, the action of Jupiter exercising a very sensible influ- 
enee on the mutual perturbations of those bodies. Un account of his great mass and his 
comparative proximity to Saturn, Jupiter produces very extensive perturbations in the 
motion of that planet. Le Verrier, who resolved to verity everything by actual calcula. 
tion, was induced by this circumstance to investigate a great part of the theory of Saturn, 
even althougs, in the present case, it was only with the ulterior view of computing the 
action of that planet upon Uranus, 
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heliocentric co-ordinates. of the planet, the previous omission of which, 
he shewed, was alone sufficient to occasion sensible-errors in the tables. 
An account of the second part of Le Verrier's researches appeared in 
the Comptes Rendus, for the Ist June, 1845. After having corrected 
the theory of the planet, he next proceeded to compare it with the obser- 
vations, in order to ascertain whether the latter might be satisfied by 
applying suitable corrections to the elements, or whether it was impossible 
to account for them by any ellipsé whatever, and the perturbations of 
the known planets. He selected, for this’ purpose, nineteen ancient ob- 
servations of the planet, and 260 observations made at the Observatories of 
Greenwich and Paris, during the period comprised between the discovery of 
the planet in 1781, and- the month of September, 1845. In order ef- 
fectually to guard against every contingency of error, he undertook the 
laborious task of reducing anew all these observations. Having employed. 
the results in computing the geocentric co-ordinates of the planet for each 
observation, he then proceeded to deduce from theory the corresponding 
values of the co-ordinatese It was necessary for this purpose to determine, 
in the first instance, the heliocentric co-ordinates of the planet. When these 
are known, and also the place of the earth in her orbit, a simple calculation, 
the converse, in fact, of that to which we have already alluded *, will suffice 
for passing from the heliocentric to the geocentric co-ordinates. Le Verrier 
therefore calculated the heliocentric longitude, latitude, and radius vector 
of the planet; and then, by means of these data and the places of the earth 
in her orbit, derived from the solar tables, he determined the values of the 
eocentric co-ordinates. Finally, subtracting the value of each co-ordinate 
rom the corresponding value assigned by observation, he obtained the 
errors of his theory. The question which now offered itself was this: Can 
these errors be destroyed by applying suitable corrections to the elliptic 
elements of the planet? Now, it is easy to obtain the analytical expression 
for the error in geocentric longitude, in terms of the errors of the elements 
of the planet, these errors being exhibited in indeterminate forms,. In 
‘the present case, the only elements which it is necessary to take into 
account are the mean distance, the epoéh, the eccentricity, and the 
longitude of the perihelion; for the effects due to errors in the other two 
elements are of an inferior order of magnitude, and, in consequence, may 
be neglected. By putting the algebraic expression for the error of the 
theory equal to each of the numerical values which he had previously ~ 
obtained by a comparison of the observed and calculated geocentric longi- 
tudes, Le Verrier formed a series of equations of condition, which: ought 
to be satisfied if the discordances between theory and observation 
were really due to errors in the elements. Every observation gave 
him a corresponding equation of condition; so that the total number 
of equations thus formed by him amounted to two hundred and 
seventy-nine, Setting aside the equations of condition depending on 
the ancient observations, he formed four final equations, by 2 suit- 
able combination of all the others, and from them deduced the cor- 
rections to the four elements. The motion of the planet, when 
calculated for a great number of places by means of the new ellipse, 
resulting from the application of these corrections to the tabular elements, 
still exhibited discordances with the actual motion, which were generally 
by far too great to be accounted for by any probable errors of observation, 


# See page 171. 
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Memoirs of the Academy of Sciences for 1824, he has shewn that the 
disturbing forces of the sun and moon cannot produce, in the variables 
which determine the relative position of the earth’s axis, any secplar 
inequalities which might ultimately become sensible. He also found that 
the velocity of rotation could not be sensibly affected by the same cause ; 
whence it followed that the length of the sidereal day-is not subject. to 
any variation depending on the action’ of ‘the sun or-moon. 
The conclusion at which Poisson arrived is fully borne out by an examina- 
tion of ancient eclipses. It is clear that, if the diurnal motion of the earth 
. be variable, the period comprised between two successive returns of astarto 


which the earth has actually accomplished, us indicated by historical 
records. It will follow also that if the diurnal motion constantly vary in 
the same direction, the difference between the-cemputed and the historic 
epochs will increase with the Japse ef time. = We May therefore conclude” 
that the places of. the lanets, when computed for any remote epoch ‘by 
means of the modem value of the sidereal day, will differ from their actual 
places us assigned by the recorded observations of astronomers ; and this 
difference will be more considerable for the moon than for any other body, 
on account of her rapid motion. Now, if the rotation of the earth 19 
really invariable, the longitudes of the sun and moon, when computed for 
any ancient lunar eclipse, ought not to differ from 180° by a quantity 
greater than the sum of their semi-diameters, and the difference may 
naturally be expected to be in many cases much less. In the Con- 
naissance des Temps for 1800, there is a paper by Laplace, containing 
calculations of this nature for 27 eclipses recorded by the Chaldeans, 
Greeks, and Arabians, and the results in all instances go to prove the 
invariability of the sidereal day. The greatest quantity by which the 
distance between the centres of the sun and moon differs from 180°, 
amounts to 27’ 41”, and relates to an eclipse which happened in the year 
382 a.c. Even this difference, however, falls short of the sum of the solar 
aud lunar semi-diameters, and, therefore, does not preclude the possibility 
of an eclipse having taken place. It is clear, then, that the length of the 
sidereal day is not subject to any sensible inequalities, since the conclusions 
deducible from the supposition of its being constant accord 80 well with 
observation. In order to illustrate this interesting fact more fully, Poisson 
assumed that the length of the day had diminished by a ten-millionth part 
siuce the most ancient of the Chaldean eclipses, which happened in the year 
720 a.c.; and then, calculating the longitudes of the sun and moon for that 
epoch, he found them to differ from 180° by 34’. This quantity being 
greater than the sum of the Semi-diameters of the two bodies, is incom- 
patible with the occurrence of an eclipse, whence it follows that, durin 
the lapse of 2500 yeurs, the length of the sidereal day has not altered by 
80 much as the ten-millionth part. 

An interesting question which Laplace first considered in connexion 
with the length of the sidereal day, is that relating to the mean temperature 
of the earth. Various facts Concur to strengthen the opinion that the 
earth was originally a fluid mass, which subsequently became solid by a pro- 
cess of cooling. which is even still going on. This gradual diminution of 
temperature being necessarily accompanied by a corresponding diminutio;, 
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of the earth's mass, the patticles composing -the jatter will all in con- 
sequence approach nearer to the axis. Now, it follows immediately from 
a well-known principle in Mechanical Science, that when a body is endued 
‘with a rotatory motion, and is not exposed to the action of any extraneous 
forces, the principal moment of inertia, or, in other words, the sum of the 
products formed by multiplying each particle into its angular velocity and 
the square of its distance from the axis of retation, is a constant quantity. 
The number of particles then remaining the-same, if their distances from 
the axis be diminished, their angular velocities must be increased, and 
vice versd, Hence, if the dimensions of the earth be in a state of con- 
traction from cooling, the velocity of rotation must be increasing, and the 
length of the sidereal day must be diminishing. It is not difficult, how- 
‘ever, to show that if the earth -is really becoming cooler, the diminution 
of ‘temperature must be proceeding &t a very slow rate. We have seen 
that, during a period of 2500 years, the sidereal day has not been shortened 
by 80 much as the ten-millionth part. Now, the principles of Mechanics 
teack-fis that this result would ensue if the earth’s radius experienced a 
“diminution of only one twenty-millionth part of its length. It follows, 
then, that during the period which has elapsed since the earliest Chaldean 
observations, the tnean temperature of the earth has not varied to such an 
extent as to cause the terrestrial radius to contract by one twenty-millionth 
‘part of its length. 
The important question of the Tides has recently attracted consider- 
‘able attention in this country. The Encyclopedia Metropolitana con- 
tains a valuable essay on the mathematical part of the subject, by Mr. 
Airy, founded: on the theory of undulations: Sir John Lubbock and Dr. 
Whewell have been engaged during many years in determining the laws 
of the tides by observation, and in tracing their connexion with the places 
of the sun and moon. The results to which they have been conducted 
by their researches are contained in a series of admirable papers, which 
continue to be published from time to time, in the volumes of the Royal 
Society. These distinguished philosophers are now endeavouring to do 
for the theory of the tides what astronomers had done for the lunar’ 
theory previous to the establishment of the theory of Gravitation. Let us 
hope that their efforts will he attended with similar success, and that the 
day is not very remote when this important branch of Physical Astronomy 
will be in a-condition te-invite the researches of the geometer, and to 
reward him with a rich hatvest of results. ; , 

It is clear that if the sun and moon by their action on the earth occa- 
sion oscillations in the waters ofthe ocean, they ought to produce a 
similar movement in the atmospheric fluid. Laplace investigated the 
theory of this subject upon a somewhat restricted hypothesis *, and Bouvard 
undertook an extensive series of observations of the height of the baro- 
meter, with the view of detecting periodical oscillations depending on the 
places of the disturbing bodies. The effects, however, were so very minute 
as to be almost entirely masked by irregularities arising from other causes, 
and no satisfactory conclusion could be deduced from the observations. 

The oscillations of the atmospheric tide will manifestly be .greatest 
near the equator, and the most favourable station for detecting them would 


* Méc. Cél. liv. iv. chap. iv., liv. xiii, chap. vii. The temperature ff the atmosphere 
Shee assumed to be uniform, and the density at each point proportional to the compressing 
force, - 
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admirable to arrivéthusat-e knowledge of the existence of a body which 
cannot be perceived.’™* : 

Guided by the same sagacious and philosophical views, but reasoning upon 
more legitimate grounds, Mrs. Somerville alludes in the following terms to 
the probable existence of an unknown planet in the third edition of her 
interesting little work on “The Connexion of the Physical Sciences.”} « The 
tables of Jupiter agree almost perfectly with modern observations ; those 
of Uranus, however, are already detective, probably because the discovery 
of the planet in 1781 is too recent to admit of much precision in the 
determination of its motions, or that possibly it may be subject to disturb- 
ances from some unseen planet revolying-about the sun beyond the present, 
boundaries of our system. If, after the lapse of. years, the tables formed 
from a combination 'of numerous observations should still be inadequate to 
represent the motions of Uranus, the dfscrepancies may reveal the exist- 
,once, nay, even the mass and orbit of a body placed for ever beyond the 
sphere of vision.” One more of such extracts will shew how stro fT 
persuasion now was respecting the existence of a Trans-Uranian 
Professor Matter, in his ‘ Treatise on Popudgr Astronomy,” after.re _ 
that Urwatd-might have been discovered by means of the perturbations 3 
produces in the motion of Saturn, alludes in the following prophetic. toning 
to the probability of discovering a planet exterior to Uranus :-—-* Applying 
this conclusion to a body beyond Uranus, we approach a, planet acting 
upon and disturbing it. “We may, indeed, express the hope that analysis 
will ‘one day or other solemnize this, her highest triumph, making dis- 
coveries with the mind's eye in regions where, in our actual state, we are 
unable to penetrate.” 

The steadiness with which the errors of the tables continued to increase 
rendered the necessity of their explanation more and more indispensable. - 
In 1885, the computed geocentric longitudes of the planet exhibited a 
discordance with eteereaton amounting to 30”; in 1888 the discordance 
amounted to 50”, and in 1841 to 70”. Nor were these errors simply the 
effects of errors in the heliocentric longitude of the planet. On the con- 
trary, Mr. Airy clearly shewed, by means of his observations of the planet 
made at Cambridge in the ycars 1833-34-35, and at Greenwich in 1836, 
that the radius vector of the tables was also considerably in error. 

The time had now arrived for the geometer to apply the powers of 
analysis to the investigation of these anomalies. The illustrious Bessel 
appears to have entertained the idea of attacking this important problem. 
On the occasion of his visit to England in 1842, he expressed to, Sir John 
Herschel his conviction that the irregularities in the motion of Uranus 
were occasioned by the action of some unknown planet, and he added, that 
a8 soon as he should obtain leisure from other researches in which he was 
engaged he would undertake the determination of its actual positiont. It 
appears that, as a preliminary step to the inquiry, he had instructed M, 
Flemming, a young German astronomer, to reduce with great care all the 
observations of the planet. Flemming executed the task assigned to him; 
but, unfortunately, soon afterwards, Bessel was seized with the illness 
which proved fatal to him, and the inquiry was not prosecuted further§. 

* See the Comptes Rendus, tome xxiv. p- 35. : 

+ Published in 1836. . $ Atheneum, October 3rd, 1846, 

§ M. Flemming died soon after he completed the calculations. The reduced observa- 
tions are nowsin the possession of M. Schumacher of Altona. See Sir John Heischel’s 
Notice of the life of Bessel, in the sixteenth volume of the Memoirs of the Astronomical 
Society. = : 
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The theory of Uranus. was now-about to-be submitted to a severe 
examination by a young mathematician of England. Mr. J. C. Adams, 
while’still pursuing his studies at St. John’s College, Cambridge, had pur- 
posed investigating the cause of the strange irregularities in the motion of 
the planet. His attention was first drawn to the subject by Mr. Airy’s 
allusion to those anomalies in his valuable account of the progress of 
astronomy in the nineteenth century, contained in tne Report of the 
British, Association for 1882. Mr. Adams, on referring to his note-book 
at a subsequent period, found the following memorandum inserted in it 
under the date of the 3rd July, 1841 :—< Formed a design, in the begin- 
ning of this week, of investigating, as ‘soon as possible after taking my 
degree, the irregularities in the motion of Uranus which are yet unac- 
counted for; in order to find whether they may be attributed to the action 
of an undiscovered planet beyoné it, and if possible, thence to determine 
approximately the elements of its orbit, &c., which. would: probably lead 
to its discovery.” * 

Mr. Adams having taken his degree in January, 1848, proceeded to 
consider the subject of his future researches. The problem which offered 
itself-to him for solution may be stated in the following terms :—Assuming 
that Uranus was disturbed by some unknown body, to determine the posi- 
tion of the latter, its mass, and the elements of its orbit, by means of the 
irregularities it produces in the motion of the disturbed planet. This 
problem being the inverse case of the ordinary problem of planetary. per- 
turbation, is manifestly of a very intricate character, and demands the 
resources of a very refined analysis for its successful treatment. Nay, it is 
even more complicated than at first it appears to be, for the elements of 
Uranus, which form the basis of the geometer's researches, are vitiated 
by the action of the unknown planet, and their. rectification, however 
desirable, can only be effected by the actual solution of the problem. In 
order to acquire clear ideas upon this point, the reader must bear in mind 
that the fundamental or mean orbit of Uranus is au ellipse, in which it 
would constantly revolve if it was exposed solely to the attractive influence 
of the sun, and that the action of the other bodies of the system tends 
merely to occasion minute excursions of the planet now on one side and 
now on the other side of this orbit. It is manifest, then, that in deter- 
mining the elliptic elements of a planet's motion by means of its positions 
ag assigned by observation, the effects of perturbation must be subducted 
from the co-ordinates of each position, in order that the planet may be reduced 
to the place which it would occupy in the mean elliptic orbit. Now when 
Delambre and Bouvard were severally engaged in determining the elements 
of Uranus, they applied the perturbations due to Jupiter and Saturn as cor- 
rections to the positions derived from observation; but, as they did not take 
info account the action of the unknown planet, it is manifest that, if the 

latter really existed, the final values of the heliocentric co-ordinates, as de- 
termined by each of these astronomers, must have failed to represent the 
elliptic positions of the planet. Hence, the elements deduced from these 
erroneous data were necessarily inaccurate, and it is manifest that this 
circumstance alone would have the effect of distorting the orbit of the - 
planet, and thereby occasioning discordances between the observed and 
computed values of the longitude, latitude, and radius vector. The errors 
of the tables of Uranus were, therefore, attributable to two distipet causes, 
being due partly to the errors in the elements of the planet's: own orbit, 


“ Mem. Ast. Soc., vol. xvi.; see also the Nautical Almanac for 1851 (Appendix). 
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and partly to the-disturbitg ‘attion of. the unknown planet. These 
two causes of error, although totally opposite in their natures, had both a 
common origin, and their effects on this account were so thoroughly en- 
tangled in each other, that it-was impossible to investigate either inde- 
petidently. This circumstance, as may well be supposed, vastly increased 
the difficulty of the problem. If it had been possible to ascertain what 
portion of the irregularities of the planet was in each case due to the 
errdta of the elements, the values of these errors might have been deter: 
mined by the ordinary methods of astronomy; and when once the eletents 
were thus corrected, it would have been undoubtedly a Jess arduous task to 
ascend from them to the elements of the unknown planet. But it clearly 
follows, from the remarks we have already made, that the elements of Uranus 
cannot be determined without taking into account the whole effects of plane- 
tary perturbation, and this again implies a knowledge of what is the very 
object of inquiry, namely, the elements and mass of the unknown planet. . 
The problem, then, admits of being completely treated only by a method 
which shall embrace in one simultaneous investigation the corrections to‘the 
eleménts of:Uranus and the elements and ass of the unknown planet!' Now; 
the eleménts of planet are six.in number. The problem, when consideréd: 
in-all ite geuerality, will’ therefore involve thirteeti unknown’ quanti 
As, however, it appeared from observation that the perturbations of Urani 
in latitude were very small, the two planets might be sibpeeet: for all the 
purposes of a first approximation, to revolve in the same plane, and by this 
simplification the number of unkuown quantities was reduced to nine. 
These were:—the corrections to the mean distance, the eccentricity, the 
longitude of the perihelion, and the epoch or mean longitude of Uranus; 
and the absolute values of the same elements relative to the unknown 
planet together with its mass. Now, in the case of one planet acting upon 
another and disturbing its motion, the theory of perturbation enables the 
geometer to express the corrections to the co-ordinates of the disturbed 
planet in terms of these nine unknown quantities; and, if the hypothesis 
of an unknown planet was true in the present case, these corrections ought 
to account for the differences between the observed and computed positions 
of the planet Uranus. Hence, by comparing the analytical formule ‘for 
the corrections to the co-ordinates of Uranus with the numeridal errors 
of the tables, a number of equations of condition are formed, and the - 
problem is finally reduced to the elimination of the unknown quantities’ 
from these equations. It may readily be imagined that this operation ‘ig 
attended with difficulties of no ordinary kind. In fact, only a thorough 
acquaintance with the nature of planetary perturbation, and “a completé 
command of analysis, combined with consummate skill in its application, 
will suggest to the mathematician such artifice as may lead to the dis~ 
engagement of the unknown quantities from the complicated expressions’ 
in which they are involved. a 
Nor does the mere elimination of the unknown quantities constitute the’ 
only difficulty attending the solution of the problem. Unless the equa 
tions of condition be skilfully combined together, it may happen that the* 
values of the unknown quantities, although deduced by a strictly legiti~ 
mate process of reasoning, will prove totally erroneous when considered: 
"as physical results. ‘This will be readily understood by the reader when hé 
takes into agcount the mode in which the equations of condition are fort i 
In each cave the error of the planet's place is expressed algebraically th’ 
terms of thenine unknown quantities of the problem, and.the equation’ of 
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condition is formed by putting this expression equa] to the actual error as 
determined by a comparison of the observed and computed places of the 
planet. Every tabular error furnishes ‘a corresponding equation, and thus 
the number of equations of condition is limited only by the number of in- 
dependent observations. Now, if the latter were mathematically accurate, 
the equations of condition would all be consistent with each other, so that 
any nine of them would suffice for the determination of the nine unknown 
quantities of the’ problem, and the values hence deduced would rigoréusly 
satisfy all the other equations. But, as all observations are necessarily 
“more or less erroneous, the errors resulting from a comparison of the ob- 
served and calculated places of the planet will not be wholly dependent 
on the unknown quantities of the problem; and the equations of condition 
being vitiated in consequence, will prove to a certain extent incom- 
patible. with each other, so that every nine equations selected for the de- 
.termination of the unknown quantities will conduct to different results. 
With a view to elude this source of error, the number of equations of 
gondition is generally made to exceed in a great degree the number of 
unknown quantities, and the grand object, then, is to combine them to- 
gether, so that the errors of, observation may destroy each other, and a 
aystem of equations may.finally be argived at which will assign the true 
values of the unknown quantities. . . 

Mi. Adams first. proceeded to examine the perturbations produced 
in the motion of Uranus by the other planets, in order to assure himself 
beyond: doubt, that the errors of Bouvard’s tables did not proceed from 
an erroneous application of the existing theory*. For this purpose he 
recomputed the principal perturbations due to Jupiter and Saturn, 
and. introduced some new inequalities which had been first pointed 
out by Hansen}. He also took into account the correction to Jupiter's 
mass, to which recent researches had conducted Astronomers. Not- 
withstanding these improvements, the theory still failod to ~represent 
the motion of the planet. Two important advantages were, however, 
gained by these preliminary labours. In the first place, it was clearly 
‘established that the cause of the irregularities must be sought elsewhere 
than in the development of the actual theory. In the second place, the 
-application-of the improvements had the effect of exhibiting the errors of 
the tables as residual facts wholly dependent on some extranéous infirence, 
and consequently they now assumed & more precise and definite character 
than they had previously done. The first point to be decided in this 
inquiry was, the most suitable mode of exhibiting the irregularities in 
the motion of the planet. We have meutioned already, that both the 
heliocentric longitude’ and radius vector had been discovered to be 
sensibly in error. Now it may be remarked, that the problem admits 
of solution by employing as the basis of investigation an adequate number 
of the errors of either of these co-ordinates, independently of those of the 
other. 1m‘point of fact, however, the errors of the radius vector were 
too inconsiderable to be employed with safety in such an inquiry, although 
they might be subsequently used with advantage in verifying results 
otherwise derived. Mr. Adams, therefore, had recourse to the errors of 
heliocentric Jongitude, which in some instances amounted to 2’ or 8’, and 
extended over a period embracing more than a revolution and a balf of 


* Mem. Ast. Soc., vol. xvi.; Naut. Alm., 185]. a 
+ These inequalities are of the order of the squares of the disturbing forces, and are by 
far the most considerable of the class to which they belong. 6 
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to its discovery in 1781, and on the anterior observations of Bradley, 
Lemomnier, and Mayer, The actual motion of the planet was represented 
better by them than by the tables constructed in 1821, but the residual 
errors were still, in many instances, too great to be accounted for by any 
probable errors of observation. This was candidly admitted by the author 
of the tables, who intimated also his belief that the errors were of such a 
nature as to give countenance to the opinion entertained by his uncle that 
they were due to the perturbations produced by another planet*. 

The failure of this laborious attempt to correct the tables of Uranus 
without the introduction of any new hypothesis, beyond doubt produced a 
strong impression on the minds of the French astronomers; and it was 
probably this circumstance which induced M. Arago to propose to his 
friend, M. Le Verrier, the theory of Uranus as a subject eminently 
worthy of attention. We have already had frequent occasions to allude 
to the labours of this talented mathematician. He had recently been 
occupied with the theory of comets ; but, at the suggestion of the illustrious 
philosopher just mentioned, he temporarily laid aside his researches on 
that subject, and resolved to institute a searching scrutiny into ali the 
circumstances affecting the motion of Uranus. An account of the first 
part of his researches appeared in the Comptes Rendus of the Academy 
of Sciences, for the 10th of November, 1845. It cintained the result of a 
rigorous examination of the motion of the planet ae to the princi- 
ples of the actual theory. The only interior planets which produce sen- 
sible perturbations in the motion of Uranus are Jupiter and Saturn, and 
of these the latter exercises the more powerful influence, on account of 
his comparative proximity to the disturbed planet. Le Verrier deter- 
mined the value of every inequality depending on the action of Saturn, 
that exceeded the twentieth part of a second, employing two distinct 
methods of calculation, in order to assure greater accuracy to his results}, 
He also computed all the perturbations occasioned by the action of Jupiter. 
Nor did he confine his researches to the inequalities of the first order of 
magnitude. All the principal inequalities depending on the squares of 
the disturbing forces were also taken into account by him{. A great 
number of small terms were thus introduced, for the first time, into the 


* Tn a letter from Eugene Bouvard to Mr. Airy, dated the 6th October, 1837, we 
find also an allusion to the opinion entertained by his uncle, Alexis Bouvard, that the ir- 
regularities of Uranus were occasioned by a disturbing planet. After adverting to the 
inconsistency of the tables with observation, he then proceeds thus: ‘“ Cela tient-il 4 une 
perturbation inconnue apportée dans le mouvement de cet astre par jtw corps situé au- 
deta? Je ne sais, mais c’est du moins'lidée de mon oncle.”—-Airy’s Hist. Statemerit, No. 3. 

+ One of these methods is that to which allusion has been made in page 115 of this work, 

+ When the mutual action of two planets is considered, their perturbations are first 
computed by supposing them to move in ellipses, apd:the reguiting mequalities are of the 
first order with respect to the disturbing forces. In a secomt-approximation the perturba- 
tious consequent upon the derangements of the motions of the two planets, as assigned by 
the first approximation, are taken into account, and the inequalities hence derived are of the 
second order with respect to the disturbing forces. It is important to remark that the 
inequalities of the second order may be materially modified by the derangements of both 
planets depending upon the action of a third planet. This happens when the theory of 
Uranus and Saturn is considered, the action of Jupiter exercising a very sensible influ- 
ence on the mutual perturbations of those bodies. On account of his great mass and his 
comparative proximity to Saturn, Jupiter produces very extensive perturbations in the 
motion of that planet. Le Verrier, who resolved to verify everything by actual caleula- 
tion, was induced by this circumstance to investigate a great part of the theory of Saturn, 


even altho. gh, in the present case, it was only with the ulterior view of computing the 
seb ti liad ealievusntsimuen: L laticea: 
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heliocentric co-ordinates of the planet, the previous omission of which, 
he shewed, was alone sufficient to occasion sensible errors in the tables. 
An account of the second part of Le Verrier’s researches appeared in 
the Comptes Rendus, for the Ist of June, 1846. After having corrected 
the theory of the planet, he next proceeded to compare it with the obser- 
vations, in order to ascertain whether the latter might be satisfied by 
applying suitable corrections to the elements, or whether it was impossible 
to account for them by any ellipse whatever and the perturbations of 
the known planets. He selected, for this purpose, nineteen ancient ob- 
servations of the planet, and 260 observations made at the Observatories of 
Greenwich and Paris, during the poriod comprised between the discovery of 
the planet in 1781 and the month of September, 1845. In order ef- 
fectually to guard against every contingency of error, he undertook the 
laborious task of reducing anew all these observations. Having employed 
the results in computing the geocentric co-ordinates of the planet for exch 
observation, he then proceeded to deduce from theory the corresponding 
values of the co-ordinates. It was necessary for this purpose to determine, 
in the first instance, the heliocentric co-ordinates of the planet. When these 
are known, and also the place of the earth in her orbit, a simple calculation, 
the converse, in fact, of that to which we have already alluded *, will suffice 
for passing from the heliocentric to the geocentric co-ordinates. Le Verrier 
. therefore calculated the heliocentric longitude, latitude, and radius yector 
of the planet; and then, by means of these data and the places of the earth 
in her orbit, derived from the solar tables, he determined the values of the 
geocentric co-ordinates. FinaHly,‘subtracting the value of each co-ordinate 
from the apc nuit 4 value*assigned by observation, he obtained the 
errors of his theory. The question which now offered itself was this : Can 
these errors be destroyed by applying suitable corrections to the elliptic 
elements of the planet? Now, it is easy to obtain the analytical expression 
for the error in geocentric longitude, in terms of the errors of the ¢ ements 
of the planet, these errors being exhibited in indeterminate forms. In 
the present case, the only elements which it is necessary to take into 
account are the mean distance, the epoch, .the eccentricity, and the 
longitude of the perihelion ; for the effects due to errors in the other two 
elements are of an inferior order of magnitude, and, in consequence, may 
be neglected. _ By putting the algebraic expression for the error of the 
theory equal to each of the numerical values which he had previously 
obtained by @ comparison of the observed and calculated geocentric longi- 
tudes, Le Verrier formed a series of equations of condition, which ought 
to be satisfied if the discdrdances between theory and observation 
were really due to errors in the elements. Every observation gave 
him a corresponding equation of condition; so that the total number 
of equations thus formed by him amounted to two hundred and 
seventy-nine. Setting aside the equations of condition depending on 
the ancient observations, he formed four final equations, by a suit- 
able combination of all the others, and from them deduced’ the cor- 
rections .to the four elements. The motion of the planet, when 
calculated for a great number of places by means of the new ellipse, 
resulting from the application of these corrections to the tabular elements, 
still exhibited discordances with the actual motion, which were generally 
by far too great to be accounted for by any probable errors of observation. 


* See page 171. ‘ 
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lt appeared, therefore, impossible to avoid the conclusion that some 
extraneous cause must be constantly acting upon the planet, the influence 
of which had not hitherto been taken into account in calculating its motion. 
In order, however, to establish, beyond all doubt, that the discordances 
were not due to the particular values of the elements employed by him, 
he had recourse to a general method by which he formally demon- 
strated the incompatibility of the existing theory of the planet with the re- 
sults of observation. Pursuing a process which it would be out of place to 
explain here, he obtained a final equation, one part of which was a 
uuncrical quantity amounting to 356”, while the other part was an 
analytical expression involving eleven mean errors of observation in 
indeterminate forms, these mcan errors being in each case generally the 
resultant of a great number of individual errors of observation. Now, if 
the discordances between the computed and the actual motion of the planet 
were really due to errors of observation, this equation ought .to be 
rigorously true. The question, therefore, which now presented itself to 
M. Le Verrier was this: is it possible, by ascribing to the errors of 
observation any admissible values, to render the indeterminate part of the 
equation ena to the numerical part? With the view of arriving at a 
definite solution of this question, he gave to each error a value considerably 
greater than was probably due to it; he further supposed that the errorg 
all took place in the same direction, and also that they had in all cases 
attained their maximum values. These assumptions, although very 
improbable, were ull favourable towards rendering the equation identically 
true; still, notwithstanding this circumstance, the resulting value of the 
indeterminate part of the equation amounted only to 12”, and consequently 
of the 356”, which formed the constant part, there still remained 264” 
unaccounted for. Le Verrier, therefore, finally concluded that the theory’ 
Uranus in its existing state was absolutely incepable of representing the 
actual motion of the planet; and that the 264” which formed the 
residual part of the equation must be attributed to some extraneous 
cause acting upon the planet, and hitherto unknown to astronomers. 

Le Verrier next examined the various hypotheses which had been 
advanced with the view of accounting for the irregularities in the motion 
of Uranus. Some persons imagined that the solar force did not diminish 
in intensity according to the exact ratio of the inverso square of the 
distance; aud they suspected that, for a body so remote as Uranus, the 
deviation from the Newtonian law might become sensible. Le Verrier 
justly considered all such hypotheses to be madmissible, until it was found 
that the anomalies of the planet could not be accounted for in accordance 
with the recognised principles of the theory of gravitation. Again, others 
were disposed to ascribe the irregularities to the influence of a resisting 
inedium pervading the regions of space. This explanation he considered 
to be equally unworthy of credit; since the effects of a resisting medium 
had not been found to be sensible, even in cases much more favourable for 
the manifestation of its presence. 

Were the errors, then, due to a large satellite which accompanied 
Uranus in its orbit, and constantly disturbed its motion? This explana- 
tion was likewise untenable; for the perturbations produced by a satellite 
would pass through their values in short periods, whereas the actual 
irregularitics of the planet appeared to develope themselves. with extreme 
clown. *Basides. the satellite would reouive to be very larce and in 
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Tn tho next place, were the irregularities due to a comet which came 
into collision with the planet, and suddenly changed the direction and 
quantity of its motion? The effect of such a collision would be to throw 
the planet out of the ellipse in which it was moving, into another ellipse 
having different elements. Its motion, therefore, previous to the epoch 
of collision, and during an indefinite lapse of time afterwards, would be satis- 
fied by two distinct systems of elliptic elements, and consequently in neither 
case ought there to appear any outstanding irregularities, when once the 
elements were duly corrected by means of observations relating exclusively 
to the ellipse under consideration. This hypothesis acquired some degree 
of plausibility from the fact, that Bouvard succeeded in representing with 
tolerable accuracy, by means of an elliptic orbit, all the observations of 
the planet comprised between the years 1781 and 1820. In order, 
however, to justify its adoption, it would be necessary that this ellipse 
should tally either with the observations anterior to 1781, or with those 
subsequent to 1820, conditions both of which had been found by astrono- 
mers to be incompatible with the actual motion of the planet. 

It was manifest, then, that the irregularities must be occasioned by 
some cause acting continuously upon the planet, and varying slowly in the 
intensity of its influence. This can be no other than a planet, and the 
question then arises: is it possible to assign the place in the heavens 
which it ought to occupy? In the first place, it could not be situated within 
Saturn, for, if so, it would disturb that planet to a greater extent than it 
disturbs Uranus ; but this was contrary to fact, the perturbations which 
it produces in the motion of Saturn being insensible. Secondly, was it 
situated between Saturn and Uranus? In that case, it would require to 
be nearer Uranus than Saturn, and as its mass, in consequence, must 
necessarily be very inconsiderable, the perturbations produced by it 
would be sensible only in conjunction. But the periodic times of the two 
planets would be very nearly equal. It followed, therefore, that the 
perturbations would be sensible only once during the period including all 
the existing observations of Uranus. This conclusion, however, was at 
variance with the actual character of the irregularities of the planet. 
The disturbing body must, therefore, be situated beyond Uranus. It 
must not be very near that planet, for its mass would then be incon- 
siderable, and its perturbations, as in the preceding case, would exhibit 
a character inconsistent with observation. Nor must it be situated very. 
far beyond Uranus; for, if it were so, its respective distances from Saturn 
and Uranus would be comparable with each other, and it would be im- 
possible to account for the irregularities of Uranus without developing 
similar irregularities of the same order of magnitude in Saturn ; but of 
these there did not exist any sensible traces. It manifestly followed, 
therefore, that the planet must be situated at some moderate distance 
beyond Uranus. Now, according to Bode’s law, the successive distances of 
the more remote planets are nearly double each other. Le Verrier, there- 
fore, assumed as the basis of a first approximation, that the disturbing 
planet was twice as distant from the sun as Uranus, and, arguing similarly 
from analogy, he concluded that it revolved very nearly in the plane of 
the ecliptic. He was thus led to propound the subject of his researches 
in the following form:—Is it possible that the irregularities of 
Uranus may arise from the action: of a planet situated in the ecliptic at a 
mean distance double that of Uranus? If such be the case,prhat is the 
actual position of this planet? What is its mass? and what are the ele- 
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ments of the orbit which it describes?” The problem being thus enun- 
ciated, Le Verrier next proceeded to explain his method of solution. It 
was impossible to consider the disturbing planet without also taking into 
account the errors in the elements of Uranus; for the irregularities of the 
latter planet, which formed the data of the problem, depended on both 
these causes ; nor was it possible to eliminate the effects due to either cause 
without a knowledge of those due to the other. The problem, therefore, 
admitted of solution only by a method which would embrace in one 
simultaneous investigation the elements of the disturbing planet, and 
the corrections due to the elements of Uranus. It was necessary for this 
purpose to compute the heliocentric co-ordinates of the latter planet by 
means of the actual ellipse, and the perturbations of the known Planets, 
and then to apply to the results 1°, the expression for the perturbations of 
the unknown planet, in terms of its mass and the elements of its orbit, 
2°, the expression for the correction due to the false ellipse of Uranus, 
in terms of the errors of the elements. Each of the two last-mentioned 
expressions, contained four unknown quantities, and therefore the com- 
plete value of any of the heliocentric co-ordinates would contain eight un- 
known quantities. Equating this result to the corresponding value of 
the co-ordinate derived from observation, an equation of condition was 
formed between the eight unknown quantities, and the solution of the prob- 
lem was reduced to the elimination of these quantities from a system of 
such equations 

Le Verrier employed as the basis of his researches eighteen errors of 
heliocentric longitude*. Three of these errors depended on observations 
of the planet made by Flamstead, in 1690, 1712, and 1715. The other 
fifteen extended over the period embraced between 1747 and 1845, and 
were separated by equal intervals of seven years. By means of these ™ 
eighteen errors he formed an equal number of equations of condition. 
He remarked that the corrections to the elements of Uranus might be 
readily eliminated from the equations of condition; and hence the re- 
sulting equations would contain only four unknown quantities, namely, the 
mass, the epoch, the eccentricity, and the longitude of the perihelion of the 
disturbing planet. Now, it was easy to obtain expressions for the mass, 
the eccentricity, and the longitude of the perihelion, in terms of the 
epoch, The reader who possesses a knowledge of the elements of mathe- 
matics will hence perceive that by means of these expressions an equation 
might finally be formed involving the epoch alone; and upon its elimi- 
nation the solution of the problem would manifestly depend. This element, 
however, presented itself in such a complicated form, that Le Verrier 
did not consider it advisable to attempt the solution of the problem by 
means of such an equation. He proposed to attain the same end by 


* He had previously employed these errors in demonstrating the incompatibility of the 
actual theory of Uranus with the results of observation ; but, in order to avoid unneces- 
sary complication, we did not make any allusion to them on that occasion. As the errors 
were all subject to the condition of being equidistant, it was impossible to determine them 
generally except by 8 process of interpolation ; and, as the ancient observations were sepa- 
rated from each other by considerable intervals, it is manifest that in some instances the 
numerical values of the errors could not be relied upon for extreme accuracy. Besides, 
the probable effect of the error of radius vector was not taken into account. Le Verrier 
clearly saw that the errors arising from both these causes were too insignificant to de- 
serve notice when the object merely was to obtain an approximate value of the mean longi- 
tude of the désturbing planet. In his final solution he completely eluded both sources of 
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assigning to the epoch a succession of numerical. values, and, having de- 
termined by means of it the corresponding values of the other elements, 
then ascertaining which system of values agreed best with the obser- 
vations. 

Le Verrier eliminated the corrections to the elements of Uranus from the 
equations of 1715, 1775, 1810, and 1845; and, setting aside those of 1690 
and 1715, he grouped the remaining twelve into three mean equations cor- 
responding to the years 1758, 1798, and 1828. Each of these equations 
contained the mass, the eccentricity, the longitude of the perihelion, and the 
epoch of the disturbing planet. Now, by assigning any particular value 
to the epoch, it was easy to determine the values of the other three un- 
known quantities. These values might then be employed in computing 
the place of Uranus corresponding to any given observation; and, by a 
comparison of the observed and computed places, the error of the theory 
depending on the assumed value of the epoch might be ascertained. Le 
Verrier proposed, by this means, to compare his theory with the observa- 
tions of 1690 and 1747 for a great number of values of the epoch, with 
the view of discovering whether the errors in any case were so smal] that 
it might be fairly presumed they were due to errors of observation. This. 
was the criterion by which he resolved to test the legitimacy of his 
theory; and its suitableness for this purpose may be readily understood, 
for it is manifest that any errors committed in the calculation of the ele- 
ments of the disturbing planet by means of the equations of condition, 
founded mainly on the modern observations, could not fail to produce 
sensible effects when the theory was compared with the more remote ob- 
servations of 1690 and 1747+. In order to confine his labours within as 
narrow a sphere as possible, he proceeded to inquire what values of the 
epoch were really admissible, for it was useless to employ any values that 
did not tally with the conditions of the «problem. Now, it was clear that 
those values of the epoch which assigned negative values to the mass ought 
to be rejected, for all such values implied that the disturbing planet exerted 
on Uranus a pushing force, and not an attractive force, conformably to the 
theory of gravitation. Le Verrier found by an elaborate and skilful scrutiny 
of the form of the algebraic expression for the mass that ithad a positive signi- 
fication for all those values of the epoch comprised between 96° 40’ and 
189° 55’, and also for those between 263° 8’ and 358° 41’; and that it was 
negative for all the remaining values comprised within the circuit of the 
ecliptic. Again, it was evident that those values of the epoch which made the 
mass immoderately large were inadmissible ; for, in all such cases, the planet 
would produce sensible perturbations in the motion of Saturn; but this con- 
clusion was at variance with observation. Rejecting all such values, Le 
Verrier succeeded in bringing sull nearer to each other the limits he had 
previously found. The are which had 96° 40’ and 189° 55 for its limits 
now extended only between 108° and 162°; while the arc which was 


* Some of our readers may be disposed to conclude, by similar reasoning, that it 
would be more advantageous to test the ‘theory by the equations of 1712 and 1690 than 
by those of 1747 and 1690. This is, no doubt, true in an absolute sense; but it must 
be borne in mind that the equation of 1715 was employed for the purpose of eliminating 
the corrections to the elements of Uranus, and was on this account invariably equal to 
zero. tis easy, then, to perceive, when we take into account the close proximity of the 
observations of 1712 and 1715, that the equation of 1712 would, in all cases, be exceed. 
ingly small, and consequently it could be of little value in testing the aguracy of the 
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bounded by 263° 8’ and 358° 41’ was now wholly included between 297° 
and 383°, : 

It only now remained for him to compute the values of the mass, the 
eccentricity, and the longitude of the perihelion of the disturbing planet, 
for a number of particular values of the epoch contained between those 
limits which he had found to include all the admissible values, and then 
to determine the corresponding errors of the theory in 1690 and 1747. 
This calculation he executed for a great number of equidistant values of 
the epoch, but he was mortified to find that the errors were in all cases 
so considerable that they could not be accounted for by any probable 
errors of observation, and the couclusion seemed to be inevitable, that it 
was absolutely impossible to represent the irregularities of Uranus by the 
hypothesis of a disturbing planct. Thus it appeared to him that he was 
all the while engaged in pursuing a phantom, or, to use the words of the 
illustrious Kepler on a similar occasion, ‘all his labours vanished in 
smoke,” * 

Notwithstanding this unexpected conclusion, Le Verrier was still reluc 
tant to abandon the hypothesis of an exterior planet; for, in such abstruse 
and complicated inquiries, there may exist just reasons for supposing that 
the final results have been influenced in an inordinate degree by some 
hidden cause, depending either on the method of solution or on the na- 
ture of the problem itself. He did not therefore despair of rendering his 
theory consistent with observation by the detection of some peculiarity of 
this kind; nor did his genius fail to come eventually to his aid in this 
perplexing emergency. He discovered, in fact, that the form of the ana- 
lytical expression for the mass was such, that a very small error committed 
in the observations of Uranus would affect, to an enormous extent, its nu- 
merical value corresponding to any given value of the epoch; whence it 
followed thatthe errors of the theory in 1690 and 1747, which had been 
computed by means of the values of the mass, and the other elements of 
the disturbing planct obtained by supposing the observations to be abso- 
lutely correct, had not been fairly represented by the results relative to 
those quantities at which he had finally arrived. It appeared to him, 
therefore, that no legitimate conclusion could be deduced from the equa- 
tions of condition until the supposition of possible errors in the observa- 
tions was introduced into them. He now resumed the consideration 
of the three mean equations of 1758, 1798, and 1828, assuming that all 
the observations which entered into. their composition were affected with 
indeterminate errors. By a simple inspection of their forms he discovered 
that these equations could only be affected to a sensible extent by the errors 
of the observations of 1715 and 1775+. In addition, therefore, to the four 
unknown quantities, relative to the disturbing planet, each equation con- 
tained these two errors represented by appropriate symbols. He now re- 
solved to assign a succession of values to the epoch in the two equations of 


* Ttaque causw physic, cap. xlv. in fumos abeunt, De Motibus Stelle Martis, cap. lv. 
Such are the terms in which Kepler annonnees the failure of his oval theory to account 
for the motions of Mars, a theory to which he long continued to cling with the most abso- 
lute conviction of its truth, and upon which he expended an almost incredible amount of 
ingenious reasoning and toilsome calculation. While pondering in great perplexity on 
the cause of the failure, a happy inspiration of his genius revealed to him the grand truth 
that the orbit of the planet is an ellipse. 
ion for 1810 and 1845 were also similarly calculated to 

y were in all probability very small, Le Verrier considered 
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1793 and 1828, and then to eliminate from them the eccentricity and the 
longitude of the perihelion of the disturbing planet. From what we have 
already said, relative to the composition of these equations, it is manifest 
that each of the eliminated elements would be expressed in terms of three 
unknown quantities, namely, the mass, and the two indeterminate errors 
of observation, He now proposed, by means of them, to determine the 
errors of the theory in 1690, 1747, and 1758, in order to ascertain whether 
they might be made sufficiently small for any value of the epoch. These 
errors no longer appeared in the form of simple numerical results, as they 
did by his first method. They now contained the mass, and the two 
errors of observation in indeterminate forms; and it was only by a discus- 
sion founded on the limits, within which each of these three quantities 
might possibly vary, that the numerical value of the error of the theory 
could be in any case arrived at. 

Le Verrier proceeded to apply this method of investigation, purposing 
to extend it to the whole of the ecliptic. For this purpose he made 
the epoch of the disturbing planet vary for every 9° from zero to 360°, 
and computed the corresponding errors of the theory in 1690, 1747, and 

_ 1758. xamining the expressions for these errors, he found that, for all 
values of the epoch from zero to 189°, no admissible values of the mass 
and the other two indeterminate quantities could render the results in all 
the three cases so small that they might reasonably be attributed to errors 
of observation. As the epoch increased from 189°, the errors in each of 
the three cases began to diminish, and they all became very small, when 
it attained a value equal to 243° or 252°, or any of the intermediate 
values. From 252° the errors began to increase and soon became 
inadmissible; nor did they present any diminution throughout the remain- 
ing part of the cireumference of the ecliptic. Le Verrier therefore came 
to the conclusion that there is only one region of the ecliptic in which it is 
possible to place the disturbing planet so as to account for the movements of 
Uranus, and that the mean longitude of this planet, on the 1st of January, 
1800, must be included between 248° and 252". 

The next point to ascertain was, whether a planet actually situated in 
the region indicated by his researches would account generally for the 
irregularities of Uranus; for, although he had found that a planet whose 
mean longitude was somewhere about 252°, and whose eccentricity and 
longitude of perihelion were determined by the equations of 1793 and 
1828, would also satisfy the equations.of 1690, 1747, and 1758, it did not 
follow as a necessary consequence that all the equations of condition depend- 
ing severally upon the individual observations of the planet would also be 
satisfied by the same supposition. In order to establish this point, he 
resolved to compute the errors of the theory corresponding to the eighteen 
individual observations which formed the basis of his researches. There 
was this advantage, however, gained by his previous labours, that it was no 
longer necessary to extend his investigation to the whole circuit of tho 
ecliptic, it being merely sufficient to examine the region"in which he had 
already found that the planet, if really existing, must be situated, at the 
commencement of the year 1800. With this view he formed eighteen 
expressions for the errors of the theory for five equidistant values of the 
epoch comprised between 234° and 270°, the corresponding values of 
the eccentricity and the longitude of the perihelion being derived, as 
before, from the two mean equations of 1793 and 1828. ‘Khe result of 
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searches. He now found that, when the epoch was made equal to 2529, 
the eighteen errors of the theory could be so diminished by assigning to 
the mass, and the two indeterminate errors of observation, values within 
their prescribed limits, that the residual quantities might reasonably be 
supposed to arise from errors of observation. As the epoch diverged on 
each side of 252°, the errors continued small for the first 9°; but after- 
wards they began to increase, and became inadmissible before it reached 
234° or 270°. He therefore concluded that the observations of Uranus 
might generally be satisfied by the hypothesis of a disturbing planet, whose 
mean longitude at the commencement of the year 1800 was nearly equal to 
252°. 

It still remained for him to determine the approximate value of the true 
longitude, a knowledge of which was indispensable to the discovery of the 
planet. For this purpose, it was necessary for him to investigate the 
values of the eccentricity and the perihelion corresponding to the value of 
the epoch adopted by him as the most probable approximation to the truth. 
Now the expressions for these elements were obtained by eliminating them 
from the mean equations of 1793 and 1828, after substituting for the epoch 
the numerical value 252°, and consequently each of them contained three, 
unknown quantities ; namely, the mass and the two indeterminate errors 
of observation. By a skilful discussion of the errors of the theory corre- 
sponding to the eighteen fundamental equations of conditions, Le Verrier 
had already arrived at approximate values of these three quantities *, 
He therefore readily determined the numerical values of the eccentricity 
and the longitude of the perihelion ; Ly means of which, and the other two 
cloments already known, he computed the approximate value of the true 
longitude. He finally concluded that the true longitude of the disturbing 
planet for the Ist of January, 1847, was 325°, and that the probable error 
did not exceed 10°. 

Le Verrier’s paper contained the carliest account of researches respect- 
ing the hypothetical planet that was given to the world, and, as may well 
be conceived, it was read with delight by all the astronomers of Europe. 
Mr. Airy received the Comptes Rendus for the 1st June, on the 23rd of 
the same month. Finding that the place assigned by Le Verrier to the 
disturbing planet did not differ more than a degree from that which Mr. 
Adams had assigned to it eight months previously, he felt a strong per- 
suasion of the accuracy of the labours of both mathematicians. He was 
still, however, anxious to ascertain whether the action of the hypothetic 
planet would account for the errors in the radius vector of Uranus as gatis- 
factorily as it accounted for the errors in longitude, and he now applied to 
M. Le Verrier for information on this point, as on a similar occasion he 


* Le Verrier, indeed, does not give any account of the method by which he 
assigned to the errors of observation their most probable values ; but it is probable that 
he effected this object by a careful comparison of the residual etrors of the theory, which 
in all cases were expressed in terms of the mass, and the two indeterminate quantities de- 
noting the errors of observation. It is not impossible also, that, in order to assure 
Breater accuracy to his results in the present instance, he took into account the effect 
of the errors of observation for 1810 and 1845; for, although the presumed insignifi- 
cance of these errors allowed their rejection when the object was merely to ascertain the 
region of the ecliptic in which the planet was to be found, still, when the question referred 
to the determination of its actual position, it is not difficult to perceive the desirableness 
of taking bury into account. In fact, Le Verrier shews, at page 202 of his Memoir, that 


they exer ery sensible influence on the ultimate values of the errors of the theory. 
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had applied to Mr. Adams. In his letter to the French mathematigian, 
he remarks, that the tabular radii vectores of Uranus were too small in 
recent years; and he asks whether this would result from the disturbance 
of an exterior planet occupying the position indicated by the theory. “I 
imagine,” says Mr, Airy, “that it would not be so, because ihe principal 
term of the inequality would probably be analogous to the moon's varia- 
tion, or would depend on sine 2 (v—v’); and in that case the perturba- 
bation in radius vector would have the sign — for the present relative 
position of the planet and Uranus. But this analogy is worth little until 
it is supported by proper symbolical computations.” 

The reply of Le Verrier to the Astronomer Royal was at once prompt 
and satisfactory. He stated that his theory accounted for the errors of 
radius vector as well as those of longitude; and he explained the circum- 
stances which caused them to disappear. We have already mentioned 
that the irregularities of Uranus, if due to a disturbing planet, must have 
proceeded partly from the errors in the elements of the planet's own orbit, 
and partly from the perturbations occasioned by the undiscovered planet. 
Now, Le Verrier found that the errors of radius vector almost wholly 
vanished when he applied to the clements the corrections derived from 
the errors of longitude. It was clear, then, that the errors directly de- 
pendent on perturbation were quite insignificant, compared with those 
arising from the distortion of the orbit, and this circumstance afforded a 
satisfactory explanation of the apparent inconsistency between theory and 
observation, alluded to by the Astronomer Royal in his letter to Le 
Verrier. The latter, in fact, found that both the eccentricity and the 
longitude of the perihelion ought to be increased; and it happened, in con- 
sequence of the actual position of the planet, that the application of these 
corrections had the effect of increasing the tabular value of the radius vector 
almost to the whole extent required by the observations *. 

The results of Mr. Adams, which received so remarkable a confirmation 
from those of M. Le Verrier, appeared now to the Astronomer Royal to 
be established beyond alt doubt by the satisfactory communication he re- 
ceived from the. latter of these mathematicians. At a meeting of the 
Board of Visitors of the Observatory of Greenwich, held on the 29th 
June, 1846, Mr. Airy mentioned the near agreement of the results ob- 
tained by Le Verrier and Adams relative to the supposed existence of a 
planet exterior to Uranus; and he suggested in strong terms the desir- 
ableness of some Observatory devoting its resources to a systematic 
search for the undiscovered body. In pursuance of this view he wrote a 
letter to Mr. Challis, dated the 9th July, recommending an examination: 
of the heavens with the Northumberland refractor, and offering to supply 
him with an assistant if he should not have leisure to superintend the 
operation personally +. On the 14th of the same month he wrote a second 
letter to Mr. Challis on the same subject, inclosing in it a paper headed, 
«Suggestions fur the Examination of a portion of the Heavens in search 





* Airy’s Hist. Statement, No. 14, 

t Airy’s Hist. Statement, No. It is perhaps right to mention, for the use of some 
of our readers, that at Greenwich the object of the observations is to determine with the 
iatmost possible precision the apparent positions of the celestial bodies, rather than to 
acquire a knowledge of the physical structure of the heavens. ‘Telescopes of great power 
are not, therefore, required at the Royal Observatory. In the present instance it was 
necessary to observe all the stars, in the part of the heavens appointed for examination, 
down to the (enth magnitude, but at Greenwich there were no telescopes sufFciently power- 
ful for this purp: The instrament alluded to by Mr. Airy is a maguificer” refractor pre- 
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of the New Planet.” He proposed taking a sweep of the heavens in the 
direction of the ecliptic 80° long, and 10° broad, the centre being the 
place indicated by the theory as the locus of the planet. The paper con- 
tained the details of a plan for conducting the examination, In his letter 
he says, ‘1 only add at present that in my opinion the importance of 
this inquiry exceeds that of any current work which is of such a nature 
as not to be totally lost by delay.” * Professor Challis declined Mr. Airy’s 
offer of an assistant, having himself formed the resolution (as he had pre- 
viously intimated to Mr. Adams +) of searching for the planet. on the oc- 
casion of the approaching opposition. Having received a paper from Mr. 
Adams, containing instructions relative to the theoretical place of the 
planet, he commenced his observations for this purpose on the 29th J uly }. 
‘The plan contemplated was to sweep over the region of the zodiac selected 
for examination at least three times, completing each sweep before the 
commencement of the following one. It was concluded that to accomplish 
this object three hundred hours of observing would be required. The 
discovery of the planet would be effected by finding that one of the stars 
in the examined region had not the same position in each sweep. Mr, 
Challis continued to prosecute his search till the end of September, 
We shall find that his observations contained more than one place of the 
planet, and that their subsequent comparison, which was included in the 
plan of operations, would have infallibly led to its discovery. 

We now return to Mr. Adams. On the 2nd September, 1846, he trans- 
mitted a second piper to the Astronomer Royal, containing an account of 
his further researches on the Trans-Uranian planet. A comparison of his 
original results with the observations of Uranus had induced him to 
suspect that the mean distance was somewhat too great. He therefore dimi- 
nished it to the extent of 4th, assuming it to be equal to 37.5, and then 
repeated his previous solution. He hoped that by this means the theory 
would be brought to agree better with the observations of recent years, 
and that a smaller value would be obtained for the eccentricity, which ap- 
peared to him too large, as it resulted from his first hypothesis. In his 
communication to the Astronomer Royal, he gave the elements of the 
planet by the two hypotheses of the mean distance, and appended a list of 
residual errors of longitude formed by a comparison of his theory with a 
great number of observations of the planet included between the years 
1712 and 1840. These errors were smaller by the second hypothesis 
than by the first, and the eccentricity was also considerably diminished. 
Mr. Adams was of opinion that by continuing to diminish the mean dis- 
tance the theory might be rendered still more accordant with observation, 
and he was induced to conclude, from an examination of the residual errors 
of recent years, that, by assigning to the mean distance a value equal to 
33.6, a very near approximation to the truth would be obtained. This 


* Airy’s Hist. Statement, No. 16. 

+ Challis’ Report to the Syndicate of the University of Cambridge. 

+ Ibid. It must be borne in mind that at this time Le Verrier had obtained an ap- 
proximate value of the position of the planet, but had not assigned determinate values to 
the mass or the elements of the orbit. A knowledge of the mass was necessary for the 
purpose of ascertaining the class of stars among which it might be expected that the 
planet would be found. Mr, Adams, guided by his theoretical results, had mentioned to 
Professor Challis that the planet would be equal to a star of the ninth magnitude. This 
cireumstance induced Mr. Challis to note the positions of all stars down to the tenth mag- 
nitude, ‘Tig actual r the planet has shewn that the range of search adopied 
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surmise has been fully borne out by the results derived from actual obser- 
vations of the planet; and, while it is highly creditable to Mr. Adams’ 
sagacity, it also shews the thorough insight he had obtained into the 
mutual beariugs of the various parts of the intricate problem with which 
he was engaged. The following are the elements he deduced from his 
second hypothesis of the mean distance :— : 


Mean longitude, October 1, 1846 . . . 823° Q’ 
Longitude of the perihelion =. : : . 299° 11’ 
Kecentricity  . = - . : . 12062 
Mass : ‘ : 3 . : 5 - .000150038 


Mr. Adams gave examples of the correction to the tabular value of the 
radius vector. The correction for 1834 almost coincided with that which 
Mr. Airy had deduced from observation. The corrections for later years 
were not quite so satisfactory; but in this respect also the second hypo- 
thesis presented a better agreement with observation than the first did. 
Mr. Adams mentioned that he was then engaged in determining the in- 
clination and place of the node, and that he hoped to complete his investi- 
gation in a few days. 

The corrections to the tabular radius vector transmitted, on this occa- 
sion by Mr. Adams to the Astronomer Royal, naturally suggest a few 
remarks, We have already mentioned that the latter attached much 
value to this part of the theory, as affording a criterion for testing the 
accuracy of the results derived from the researches ‘on the motion in 
longitude. We can easily imagine that some of our readers will be slow 
to concur with the views of the Astronomer Royal on this point. If indeed 
the cause of the irregularities of Uranus was doubtful, it is not difficult to 
panne that the explanation of the errors of radius vector by the pertur- 

ations of an assumed planet would possess much weight in establishing 
the legitimacy of such an hypothesis ; for, granting that the irregularities 
were due to some other cause, although it is conceivable that the theory of 
gravitation might be made to represent the errors in longitude by a suit- 
able evaluation of the constants of the problem, it is utterly im- 
probable that the same constants and the same values of them would also 
account for the errors of radius vector, with which they had no physical 
connexion. But the necessity of computing the errors of radius vector in 
addition to those of longitude does not appear so obvious, if it be admitted 
that the irregularities of Uranus are really due to a disturbing planet, and 
that the sole point to be decided was the accuracy of the results. In this 
case it was known @ priori that the constants which entered into the ex- 
pressions of the errors, both of longitude and radius vector, were the bond 
Jide representatives of the physical elements of the problem. It was 
also known that these expressions were legitimately deduced from esta-* 
blished principles, and consequently were not mere empyrical formule. 
Hence it might be presumed that results which accounted so satisfactorily 
for the errors in longitude throughout a period embracing more than a 
revolution and a half of the planet could hardly fail to account with equal 
fidelity for the errors of radius vector. This reasoning involves the tacit 
assumption that, if certain values of the unknown quantities of the problem 
satisfy the errors of one of the co-ordinates of the planet, they must 
either be absolutely correct, or must constitute very near approxima. 
tions to the truth. This principle, however, is at varianeg with the 
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the case which we are actually considering, that the equations of con- 

edition involving the errors of longitude may assign to the elements of the 
disturbing planet, and to the corrections of the elements of Uranus, values 
which shall account for these errors with sufficient accuracy, but still may 
differ widely from the true values. Now, if any such system of erroneous 
values was employed in computing the errors of radius vector, it manifestly 
does not follow as a necessary consequence that, because the motion in 
longitude had been satisfied by a mutual compensation of errors, the results 
in this case also would accord equally well .with observation. We are 
therefore led to conclude that, even if the existence of an exterior planet 
had been already placed beyond all doubt, the explanation of the errors of 
radius vector would prove extremely valuable in testing the accuracy of 
results derived from the errors of longitude. It may be remarked, how 
ever, that the Astronomer Royal, in his letter to M. Le Verrier, expressed 
in very explicit terms his doubts respecting the accuracy of the final results 
of that geometer, without indeed going so far as to reject in toto the hy- 
pothesis of a disturbing planet. In his letter to Mr. Adams, on the 
contrary, he does not suggest any such doubts, but simply inquires whether 
the errors of radius vector were accounted for by his theory as faithfully 
as those of longitude. We may suppose, then, that Mr. Adams, who had 
for many years been strongly impressed with the existence of a Trans- 
Uranian planet, and who had already been conducted to such ‘satisfactory 
results by his researches on the motion in longitude, may not have duly 
appreciated the importance attached by the Astronomer Royal to the 
explanation of the errors of radius vector. It is to be regretted, however, 
that he was so tardy in replying to Mr. Airy, especially as he could not 
have experienced any analytical difficulty in complying at once with his 
request *, 

An account of the third part of Le Verrier's labours on the theory of 
Uranus appeared in the Comptes Rendus for the 31st August, 1846. The 
main object of the second part of his researches, as announced in the 
Comptes Rendus for the 1st June, was to obtain an approximate value of 
the epoch or mean longitude of the hypothetic planet at a given instant. 
When this was once accomplished, the true value might be investigated by 
applying to the approximate value an indeterminate correction, and then 
deducing it from the conditions of the problem simultaneously with the 
other unknown quantities. There was this advantage gained by a first 
approximation to the epoch, that, as the correction to the true value might 
be presumed to be small, it was possible so to conduct the investigation 
that it would not be necessary to take into account any terms beyond those 
involving the first and second powers of the correction. ¥or a similar 
reason a more accurate value of the mean distance might be obtained by 
supposing the approximate mean distance to be affected with an indeter- 


* We have maintained that it does not necessarily follow, because the errors of longi- 
tude are satisfied, that the errors of radius vector are satisfied also. In the present in- 
stance, however, it happens that such is really the case. Mr. Adams, in his Memoir on 
the Perturbations of Uranus, has given an expression for the correction to the radius vee- 
tor involving the correction to the mean longitude and its differential, together with the 
eight unknown quantities of the problem; and he has shown that by far the most consider- 
able part of the expression is due to the term involving the differential of the correction to 
the mean longitude. Hence it manifestly follows that, if the tabular errors of longitude be 
satisfied, the errors of radius vector will be satisfied also. This result, however, depends 
upon the petcular values obtained for the unknown quantities, and could not be pre- 
dicated by aby d priori reasoning. 
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minate error, and then treating the latter as one of the unknown quantities 
of the problem. ‘There were, therefore, five quantities to be determined 
relative to the disturbing planet ; namely, the corrections to the mean dis- 
tance and the epoch, and the absolute values of the mass, the eccentricity, 
and the longitude of the perihelion. These five quantities, together with 
the corrections to the mean distance, the epoch, the eccentricity, and the 
longitude of the perihelion of Uranus, formed nine unknown quantities, 
upon the determination of which the solution of the problem depended. 

In the investigation of an approximate value of the epoch, Le Verrier 
employed as the basis of his reasoning a select number of errors of helio- 
centric longitude. These were obtained by a comparison of the theory 
with observations made when the planet was in opposition. It would have 
been impossible to deduce accurately the errors of heliocentric longitude 
from all the observations, because many of the latter were made when the 
planet was near the quadratures, and in that case the process of passing 
Trom.the geocentric to the heliocentric longitude could not be rigorously 
effected without a knowledge of the error of radius vector ; but this was 
altogether uncertain, He now had recourse to the errors in geocentric lon- 
gitude, which could be readily computed without a knowledge of the errors 
of either of the heliocentric co-ordinates, and were, therefore, deducible with 
equal accuracy from all the observations. In the first part of his researches 
he had carefully computed the errors in geocentric longitude correspond- 
ing to two hundred and seventy-nine observations of the planet. Now the 
analytical expression for these errors contained the nine unknown quan- 
tities of the problem. Putting it, therefore, equal to each numerical error 
in succession, Le Verrier formed two.hundred and seventy-nine equations 
of condition, and by means of these he proposed to obtain tHe solution of 
the problem. With this view he grouped them into thirty-three mean 
equations, twenty-six of which depended on the modern observations of 
Uranus, and the remaining seven on those made previous to its recogni- 
tion as a planet in 1781. He eliminated without difficulty six of the un- 
known quantities in terms of the three others, these last being the mass 
of the disturbing planet, and the corrections to the epoch and the mean 
distance. Pursuing a process which it would be out of place to attempt 
explaining here, he formed three final equations, involving these three 
quantities, and then determined their values by successive approximation. 
This object being once accomplished, it was easy for him to obtain the 
values of the other six quantities which he had first eliminated. The 
following are the results relative to the disturbing plauet at which he 
finally arrived :-— 


Semi-axis of the orbit , : . ‘i 36.154 
Siderea] revolution. : . : + 217.887 years. 
Eccentricity. 2 2 . : - 0.10761 
Longitude of the perihelion ‘ - 284045’ 
Mean longitude, Ist January, 1817. . 318° 47 

Mass : » . i : fi A ssbo 


True heliocentric longitude, Ist Jan., 1847 $26" 92’ 
Distance from the sun ; 3 3 3 33.06 


Having determined the precise position of the disturbing planet, by 
assuming that the observations of Uranus were rigorously acgurate, Te 
Verrier next proceeded to inv ad ee Tithe. sek hilan ac bao le aaieck 2 
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included, allowing each of the observations to be affected with an error as 
great as could possibly be due to it. He found that the mean distance 
could not be greater than 87.90, nor less than 35.04, and hence he con- 
cluded that the limits of the periodic time were 207 years and 233 years. 
Adopting a given value of the mean distance, and supposing all the other 
elements to vary, he found that the recorded positions of Uranus might 
still be represented within the limits assigned by the errors of observation. 
At length the error in one of the positions having become equal to the 
greatest possible value assigned to the error of observation, the values of 
the elements were henceforth restricted by the condition that the error in 
this position should retain its maximum value, and the locus of the 
disturbing planet for the Ist January, 1847, corresponding to the differ- 
ent systems of elements derived from this hypothesis, was a continuous 
curve. By continuing the variation of the elements, the error in 
another of the positions became as great as possible, and, the values 
of the elements being henceforth restricted by it, the locus of the 
planet was transformed into a different curve. Proceeding in this manner, 
Le Verrier found that the space within which the planet must be included, 
corresponding to the assumed value of the mean distance, was a curvilinear 
polygon whose sides were discontinuous, end for different values of the 
mean distance he obtained different polygons. The amplitude of the 
polygons diminished as the value of the mean distance approached its ex- 
treme limits, and when it actually attained either of them the polygon be- 
came a point. This circumstance indicated that there was only one posi- 
tion of the planet that could satisfy the observations. When a sufficient 
number of such polygons was constructed, they might then be all cir- 
cumscribed by one continuous curve, and tangents drawn to it would 
necessarily include the disturbing planet. Le Verrier found that the 
longitude of the tangent, drawn from the sun to the east side of the 
hounding curve, was 321°, whence, as he had already obtained 826° 32’ 
for the most precise value of the planet’s longitude, it followed that the 
space to be explored in this direction extended only to about 53°. The 
western limit was much more remote from the precise longitude, but he 
remarked that its amplitude might be reduced considerably by assigning 
a probable limit to the eccentricity. Assuming that the value of the 
eccentricity did not exceed .125, he obtained 335° for the limiting Jongi- 
tude in this direction. He also found that the value of the mass could 
not be greater than 51,5, nor less than 7,155. 

We have mentioned that Le Verrier assigned 326° 32’ as the true helio- 
centric longitude of the disturbing planet on the Ist January, 1847. This 
determination, to use his own words, placed the planet about 5° to the 
east of the star } of Capricorn. Only twelve days bad elapsed since it 
was in opposition, and on this account strong hopes were entertained by 
him that astronomers might succeed in discovering it before it plunged 
again into the rays of the sun, With the view of directing attention more 
strongly to this point, he made some interesting remarks relative to the 
apparent magnitude and visibility of the planet. The apparent magnitude 
depends on the volume of the body and its distance from the sun. The 
volume, again, is deducible from the mass and density. Now, he had 
already found that the mass of the planet was two and a half times greater 
than that of Uranus. There remained, therefore, only the density to be 
ascertained., He had no established principles to guide him in coming to 
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course to analogy. Now it appears, from a comparison of the relative den- 
sities of the various planets, that, in general, the density is less according 
as the planet is more distant from the sun. Le Verrier assumed that the - 
density of the new planet was equal to the density of Uranus. This hy- 
pothesis was manifestly less favourable to its visibility than if he had 
assumed, according to the strict suggestions of analogy, that the density 
was somewhat less than that of Uranus. Knowing the density and the 
mass, he obtained the volume, and finally, by means of the latter and the 
distance from the sun, which he had found to be equal to thirty-three 
times the earth’s distance, he determined the apparent magnitude of the 
planet. In this manner he found, that at the instant of opposition it 
would subtend an angle of 3.3; and, considering in connexion with this 
fact the light which it would be capable of reflecting, he concluded that it 
would not only be visible in good telescopes, but that it would be distin- 
guishable from the fixed stars by its disc. “WQhis,” he remarked, “is a 
very important point. If the object of discovery is liable to be confounded 
with the fixed stars, it will be necessary, in order to distinguish it from 
them, to observe all the small stars situated in the region of the heavens 
assigned for examination, and to establish in one of them a proper motion. 
This would be a long and troublesome operation. But, on the other hand, 
if the planet has a dise of sufficient amplitude to prevent it from being 
confounded with the stars ; if we may substitute, instead of a rigorous de- 
termination of all the luminous points, the simple study of their physical 
appearance, the search will proceed with greater rapidity.” * 

The elaborate character of Le Verrier’s researches, and the confidence 
with which he predicted the discovery of the planet, was calculated to pro- 
duce a strong impression on the minds of astrohomers. This remark ap- 
plies more especially to those who were cognizant of the simultaneous re- 
searches of Mr. Adams, and who could appreciate the probability in favour 
of a result in Physical Astronomy that had been deduced from two inde- 
pendent investigations. The existence ‘of a Trans-Uranian planet ap- 
peared now to such astronomers to be placed beyond all doubt, and its actual 
discovery was expected to be not very distant. It was under the impression 
of the near approach of this great event that Sir John Herschel used the 
following memorable words in an address to the British Association, at 
Southampton, on the 10th September, 1846 :—* The past year has given 
to us the new planet Astrea; it has done more, it has given us the 
probable prospect of another. We see it as Columbus saw America from 
the shores of Spain. Its movements have been felt trembling along the 
far-reaching line of our analysis with a certainty hardly inferior to ocular 
demonstration.” + : 

Before proceeding further with our account, it may not be out of place 
to consider shortly what were the means which astronomers possessed for 
the discovery of a body such as theory indicated in the present case to 
exist. Now there are two peculiarities which generally distinguish planets 
from the fixed stars, and which serve the purpose of their detection. 
These are :—-Ist, their apparent magnitudes, in virtie of which, when ob- 
served through telescopes, they exhibit well-defined discs; 2nd, their 
motion in the zodiac. Le Verrier, by means of reasoning of a very pro- 
bable character, had come to the conclusion that the planet would have o 
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sensible disc. The apparent diameter, however, which he assigned to it 
was so extremely small that it was manifest only the most powerful tele- 
Scopes would suffice to distinguish it from the fictitious dises exhibited by 
the fixed stars. The probability, therefore, of discovering the planet by 
its physical appearance was confined to a limited number of European 
Observatories. With respect to the method of discovering the planet by 
its proper motion, the use of the telescope in this case is mainly to render 
the star visible ag a luminous point, and, in consequence, it is more gene- 
rally practicable than the method just referred to. On the other hand, 
the operation of carrying it into effect is extremely laborious, unless the 
astronomer already possesses a map of the region of the heavens which 
he purposes to examine, including all the stars down to the magnitude of 
the body he is in search of. With such a guide, however, nothing can be 
more simple than to ascertain whether the region which he is engaged in 
exploring can poasibly affordgny indication of the planet. For this pur- 
pose the astronomer has only to compare the actual appearance of the 
heavens on any night with the map. If the stars in both cases correspond, 
it follows that no change has occurred since the construction of the map, 
and, as all the objects whose Positions were recorded must in consequence 
have been of a stellar nature, the comparison of the heavens with the 
map cannot afford any clue to the existence of a planet. If, however, the 
map contains a star which is not in the heavens, it is clear that the miss- 
ing star must have been a planet which wandered out of the fegion under 
examination during the period that elapsed since the construction of the 
map, and its discovery may be expected to result from a careful serutiny of 
the heavens in the vicinity of the stars designated on the map. On the 
other hand, if a star appear in the heavens which is not contained in the 
map, it clearly indicates the entrance ~e@ % planet into the designated re- 
gion subsequently to the construction of the map. In order to conduct a 
search for the Trans-Uranian planet after this manner, it was necessary to 
possess @ map on which were designated all the stars in the part of the 
heavens assigned for examination, down to the tenth order of magnitude 
inclusive. No such map had hitherto been executed for the region compre- 
hending the theoretical locus of the planet, and the only method of search 
which remained to be adopted was that already in course of being carried 
into effect by Professor Challis, and which was indeed tantamount to the 
actual construction of a map. 

On the 18th September Le Verrier addressed a letter to the astrono- 
mers of the Berlin Observatory, announcing to them the result of his re- 
searches, and requesting their co-operation in searching for the planet. By 
a singular instance of good fortune the Berlin astronomers possessed an 
advantage in effecting this search which was not yet available to the other 
astronomers of Europe. For some years past a series of star maps had 
been in course of publication, under the auspices of the Berlin Academy of 
Sciences, comprehending different portions of the region of the heavens 
which extends 15° on each side of the equator, and designating the posi- 
tions of all stars down to the tenth Magnitude*. Just as the accounts re- 
specting Le Verrier’s researches reached Berlin, the map of Hora XXI., 
the part of the heavens containing the theoretical place of the planet— 
which had been executed with great care by Dr. Bremiker—was engraved 


* Many astronomers in other countries of Europe, as well as Germany, have lent their 
id in the’ constyyction of these maps. One of them was executed he De Une. cL. 
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and published. ‘The Berlin astronomers received Le Verrier's letter on 
the 23rd September. On the same evening Dr. Galle compared the 
appearance of the heavens with the map, and found that the latter did not 
contain a star of the eighth magnitude which was situate very near the place 
indicated by Le Verricr as the locus of the disturbing kody. The observa- 
tions of the following evening decided that this was the Trans-Uranian 
planet. It was then retrograding with a daily motion in right ascension 
amounting to 62”. The following is a comparison of the results of obser- 
vation and theory. : 


Observed Right Ascension 23rd September, 125'0™ 15* 


M. T. Berlin : 828° 19’ 16” 

Observed Declination South . i 3 . . 13°24 82 
Whence— 2 . 

Geocentric Longitude. : . é " . 825953" 
Parallax of the Orbit ’ : . ‘ ‘ 14’ 
True Heliocentric Longitude. fs : . . 326°57" 
Longitude for the same instant, assigned by Le'Ver- 

rier's theory. : ‘ 7 F * 826° 0’ 
Difference between Observation and Theory. . BY 


Thus it appears that the place assigned by Le Verrier to the disturbing 
body did not differ by so much as one degree from its actual place as in- 
dicated by observation. Nor was the agreement less striking with respect 
to the apparent diameter of the planet, Le Verrier had predicted that it 
would be equal to $”.3; the micrometrical observations of the Berlin 
astronomers gave 3” as the real value. i 

The accounts of the discovery of the Tyans-Uranian planet were re- 
ceived with admiration and delight by all who felt any interest in the 
cause of science, and the name of,Le Verrier was henceforth associated 
with those illustrious philosophers who have stamped the age in which 
they lived with the impress of their genius. We shall now give a brief 
account of the labours of Professor Challis, who had undertaken a very 
laborious examination of the heavens in search of the planet. We have 
mentioned that he commenced his observations on the 29th July. His plan 
was to divide the region to be explored into zones of 9’ in declination, this 
being the breadth of the field of view of the telescope when a magnifying 
power of 166 was employed, and to note the positions of all the stars in 
each zone down 40 the eleventh magnitude. On the 4th August his obser- 
vations were made wholly in declination, for the purpose of obtaining a 
number of stars as reference points. On the 12th of the same month he 
noted the positions of all the stars in a zone which he had already ex- 
amined on the 30th July. He compared to a certain extent the observa- 
tions of the two evenings, and, having discovered their complete accord- 
ance, he felt assured that his method of search might be relied upon. He 
continued his observations throughout the months of August and September. 
On the 1st October he was made acquainted with the discovery of the planet 
by Galle. He had then recorded the positions of 3150 stars, and.was making 
ee to map them. . The necessity for this operation having ceased, 

proceeded to discuss the observations, with the view of ascertaining 


HISTORY OF PHYSICAL ASTRONOMY. 193 


whether they had secured the discovery of the planet. Having resumed 
the comparison of the observations of the 30th J uly and the 12th August, 
which both related to the same zone, he found that a star, marked No. 49 
in the series of the 12th August, was wanting in the series of the 30th 
July. It followed, as a necessary consequence, that this was the planet: 
it had wandered into the zone during the period that elapsed between the 
two observations. Ife also easily ascertained, by means of the observation 
of the 12th August, that the planet was included in the stars observed as 
reference points on the 4th of the same month*, Thus, although the 12th 
August was only the fourth day of observing, two positions of the planet 
were already secured.“ Uhis is entirely to be attributed,” says Professor 
Challis, “ to my having on those days directed the telescope towards the 
planet's theoretical place, according to instructions given in a paper Mr. 
Adams had the kindness to draw up for me.” $ 
It is a remarkable fact that before receiving intelligence of the discovery 
of the planet by Galle, Professor Challis had also obtained a position of 
the planet by pursuing the plan of observation recommended by Le Verrier. 
On the 29th September he received the Comptes Rendus for the 31st 
August, containihg the account of that geometer’s researches on the 
hypothetic planet. Struck with the author's conclusions relative to the 
limits of the planet's position and the magnitude of its disk, he resolved 
to attempt the discovery of the body by means of its physical appearance. 
He possessed an advantage in prosecuting a search of this kind which few 
astronomers enjoyed in an equal degree, from having at his command the 
magnificent equatorial belonging to the Observatory. On the evening of 
the 29th September he examined a zone comprised betweennhe limits of 
right}uscension, within which Ie Verrier had fixed the position of the 
planet. Among 800 stars which passed through the field of view of his 
telescope, one especially attracted his attention by its disk. This proved 
to be the planet; it shone with the lustre of astar of the eighth magnitude, 
The search commenced by Professor Challis on the 29th July, and 
prosecuted with so much energy and perseverance during the two follow 
ing months, is deserving of attention, both on account of its forming the 
only systematic attempt to detect the planet that had been made previous 
to the evening of its actual discovery, as well as on account of the results 
which were obtained by the subsequent discussion of the observations, It 
‘ppears that not only was the theoretical discovery of the planet first effected 
at Cambridge, but two positions of it were also secured at the same place 
six weeks before a telescope was directed to the heavens in search of it at 
any other observatory in Europe. In estimating how nearly Professor 
Challis had arrived at the actual discovery of the planet, it must he borne 
in mind that the contemplated search for it extended ogly to a definite 
region of the heavens, and that it would have been completed within a 
definite lapse of time. When the observations came to be discussed, the 
discovery of the planet would infallibly have resulted from a comparison 
of the observation of the 30th July with that of the 12th August. 
The earliest announcement of Mr. Adams’ researches through the 





* The following are the ions of the plauet in right ascension and declination, as 
assigned by these observations :— 
M.T. Greenwich. Right Ascension. North Polar distance. 
August 40. . 13526" 23" ., 2158" 14470 ., 102° 57° $2”.2 
»: 12,. . 138 8 26 .. 8! 57 96.138 .. 1038 28 02 
+ Report to thes Syndicate of the University of Cambridge. 
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medium of the press was contained in a letter from Sir Jolin Herschel to 
the editor of the Athenain, which appeared in the number of that 
Journal tor the 8rd October, 1846. ‘Lhe illustrious philosopher, after 
referring to the words he used at the meeting of the British Association 
held at Southampton in the previous month, relative to the probable 
existence of a planet exterior to Uranus and the praspect of its speedy 
discovery by the aid of analysis, remarked that he would not have expressed 
himself in such confident terms on that occasion if he had not been already 
aware that Mr. Adams, a young mathematician of Cambridge, had been 
prosecuting researches similar to those in which M. Le Verrier was 
engaged, but at the same time totally independent of them, and had 
arrived at results respecting the actual position of the disturbing body 
which almost coincided with those deduced by the French geometer*. 
‘This announcement was followed by a letter from Professor Challis, which 
appeared in the Atheneum of the 17th of the same month. ‘The writer 
gave a brief account of Mr. Adams’ labours and of the systematic search 
which had been undertaken at Cambridge with the object of discovering 
the planet by its zodiacal motion. He also stated that the observations had 
been discussed, subsequently to the actual discovery of the planet, at Berlin, 
whence it was found that the discovery of the disturbing body had been 
sccured by means of the observations of the 80th July and 12th vf August. 
He concluded by intimating that the details of Mr. Adams’ researches 
would shortly be published. The statements of Sir John Herschel and 
Professor Challis were corroborated at the same time by Mr. Airy in a 
letter addressed to M. Le Verrier. 

In France the announcement of Mr. Adams’ researches on the Portur- 
bations of Uranus gave rise to a strong manifestation of national feeling. 
Nor eun it be denied that the occasion chosen for preferring the claims of 
the English mathematician was unfavourable to their ready reception in 
that country. Amid the universal applause so justly excited by the 
brilliant researches of M. Le Verrier, it could hardly be expected that the 
announcement of similar researches prosecuted independently of them in 
another country, terminating in similar results, and therefore claiming by 
implication an equal degree of credit, would be received without some 
degree of reluctance, or discussed with a total absence of passion, by a 
people especially sensitive on points of national glory. But although this 
circumstance may account for the absurd violence with which a portion of 
the French press assailed the eminent astronomers who first announced 
the labours of Mr. Adams, it does not by any means explain, far less 
does it justify, the ungencrous aspersions that were cast upon the researches 
of the English geometer—while the means of ascertaining their real 
character had not yet been laid before the publie—by persons whose 
position in the scientific world ought to have served as a guarantee for 
greater discretion. Jt was at once assemed that Mr. Adams’ solution of 
the inverse problem of perturbation was a crude essay which could not 
endure the test of rigorous exrmination, and it was urged with equal 
precipitancy, that as his researches had not been duly published, it would 
be impossible to establish their claim to originality. On the other hand, 
as their merits were attested by the first astronomers of England, it was 


* Sir John Herschel was present at the meeting of the Board of Visitors, held at the 
Observatory of Greenwich on the 29th June, 1846 (see p- 184), when. Mr. Airy give an 
account of the researches of Messrs. Adams and Le Verrier. 
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obvious that they could not be treated with indifference. Under such 
circumstances the course obviously suggested by a due regard to the sacred 
claims of right and the dignity of science, would have been to suspend 
judgment on the question altogether, pending the publication of Mr. 
Adams’ researches which were announced as speedily forthcoming. M. 
Arago, actuated, beyond doubt, by a laudable desire to defend the rights of 
his countryman from what he conceived to be an unjustifiable aggression, 
took a different view of the matter, and at once undertook & Critical 
examination ef the merits of Mr. Adams in regard to the theoretical 
discovery of the Trans-Uranian planct. The paper which he drew up on 
this occasion is inserted in the Comptes Rendus for the 19th October, 
1846+*. We shall not here make any allusion to the assumptions which M. 
Arago so unwarrantably employs in the absence of acknowledged facts, 
with the view of preserving the consistency of his reasoning. Their 
fallacy was effectually exposed a few weeks afterwards, without any contro- 
versy, by the publication of the admirable researches of Mr. Adams, and of 
the important mass of documentary correspondence in the possession of 
Mr. Airy, relative to tho discovery of the planet. We shall merely 
make 9 few remarks on the main principle laid down by him, and the 
conclusion which he secks to draw from it. He assumes, as the basia 
t ° 2 


* This paper contains a view of certain communications of Professor Challis which 
tends at first appearance to lead to a conclusion totally inconsistent with the real state- 
ments of the English astronomer. M. Arago asserts that Professor Challis, writing to him 
on the subject of the planet, uses the following words: I became acquainted on the 29th 
September with the final researches of M. Verrier; I conformed strictly to the sug- 

stions of that. astronomer, and contined my search within the limits assigned by him.” 
te then remarks that Professor Challis in his letter to the Atheneum, announces 
that he was guided in‘his search for the planet by a paper which Mr. Adams drow 
up for him. Having placed these two apparently contradictory statements in juxta- 
position, M. Arago simply contents himself with the following comment upon them: 
“Twill not seck to reconcile these two versions, I will leave to Mr. Challis the task of 
explaining how the name of Adains, which did not figure in his first communication, is 
become so prominent in his second.” Now, what are the real facts of the case? In the 
Comptes Rendus, tome xxiii. p. 764, there appears a letter from Professor Challis to M. 
Arago, dated the 5th October, 1846, in which the writer gives an account of his search 
for the planct with the Northumberland telescope, and mentions his having detected it 
by its disk on the evening of the 29th September. Im this letter he alludes to M. Le 
Verrier in the terms quoted by, M. Arago as above stated. Again, in a letter to the editor 
of the Atheneum, dated the 15th October, 1846, (sce Atheneum, October 17,) Professor 
Challis gives an account of the laborious search undertaken by him, having for its object 
to detect the planet by its zodiacal motion. In this letter he states that he was guided in 
his search by a paper which Mr. Adams drew up for him; that he commenced his obser- 
vations on the 29th July ; -and that a comparison of the observations of the 30th July 
and 12th of August, instituted subsequently to the receipt of the accounts of Galle’s dis- 
covery, shewed him that he had secured the planet. The reader will at once perceive 
from the foregoing statements that¢he two communications of Professor Challis referred 
to two distinct modes of search prosecuted on two distinct occasions. In his letter to M. 
Arago he mentions the result of observations pursued with the view of detecting the 
planet by its physica? aspect, professing to have bé&n guided by the instructions of M. Le 
Verrier, In his letter to the Athencum he communicates the result of observations 
anterior to the preceding that had been made with the view of discovering the planet. b 
its zodiacal motion, asserting to have been guided on this occasion by Mr. Adams, tt 
was impossitle that the instructions contained in M. Le Verrier’s paper of the Sist 
August, and first made known to Professor Challis on the 29th September, could have 
been of any service to that astronomer in a search for the planet prosecuted by him in the 
beginning of the former of these months, A mind much less aente than M. Arago’s will, 
therefore, see no inconsistency in the two passages which that illustrious philosopher 
appears to despair of reconciling together. How justly may we remark in his own words, 
“J? amitié est urent aycucle. ct co Iniece be a ll! 
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of his reasoning, that the only rational mode of writing the history of the 
sciences is to rely exclusively on publications, the dates of which are well 
ascertained, and he hence infers that Mr. Adams has no right to be 
mentioned in connexion with the discovery of the Trans-Uranian planet, 
either by a detailed citation, or by any allusion whatever. It will at once 
occur to the reader that the force of this proposition depends entirely on 
the preciso meaning applied to the term publication. If it be restricted 
to printed doéuments, we conceive that the principle advanced by M. 
Arago is totally untenable, and that it essentially vitiates any conclusion 
that may be derived from it. To limit the test of decision in disputed 
questions of scientific discovery to such a species of evidence would be at 
once repugnant to reason and at variance with the common practice of 
mankind in all ages. Are communications transmitted to learned societies, 
or documents of an authentic character, addressed to persons of acknow- 
ledged probity and occupying official positions, to be set at nought as so 
much waste paper, merely because they have not passed through the 
ordeal of the printing press? To admit such a monstrous proposition 
would be striking at the root of those unalterable principles of common 
sense upon which our primary notions of evidence are founded, and to 
introduce in their stead an arbitrary standard of decision which, so far from 
defining clearly the rights of rival claims, would itself perpetually form the 
subject of acrimonious controversy. We have no reason however to sup- 
pose that the illustrious philosopher, who drew up the paper in question, 
was really of opinion that the evidence which could be of any utility in 
establishing claims to scientific rescarch rested on so narrow a basis. “On 
the contrary, wo are disposed to infer from the acknowledged acuteness of 
his discriminating powers, and his enlightened zeal in the cause of truth, 
that his sentiments as above expressed, demand a more liberal interpre- 
tation, and that in the present instance, had he been in possession of all 
the facts relating to the disputed question, he would have arrived at a 
conclusion more consistent with reason and justice than that to which he 
wes conducted by the imperfect statements then accessible to him *. 

The question of Mr. Adams’ merits in connexion with the theoretical 
discovery of the planet exterior to Uranus, was soon placed in a clear light. 
On the 15th of November, 1846, a paper was read by Mr. Airy before the 
Astronomical Society, entitled ‘An Historical Statement of Circumstances 
connected with the Discovery of the Planet beyond Uranus.” This 
valuable communication, besides containing a large mass of interesting 
materials bearing more or less on the discovery of the planet, exhibits, in 
one unbroken chain of correspondence, the progress of Mr. Adams’ 
researches, from the date of Professor Challis’ first letter to the Astronomer 
Royal on the subject in February, 1844, down to the acknowledgment at 
Greenwich of Mr. Adams’ paper, dated the 2nd September, 1846. The 
independent character of Mr. Adams’ researches was now placed beyond 
all doubt or equivocation, and his claims to the theoretical discovery of 
the planet established on the incontrovertible evidence of authentic docu- 
ments. Mr. Adams’ Memoir on the Perturbations of Uranus was read 
before the Astronomical Society on the same day on which Mr. Airy 
communicated his statement, and was subsequently published in the 
sixteenth volume of the Memoirs of the Society, and also in the Nautical 


* Sce in connexion with these remarks the note at the foot of page 214, in the next 
chapter. ie 
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Almanac for 1850. If anything was wanted to complete the vindication 
of Mr. Adams’ claims, it was amply supplied by this Memoir. Apart from 
all consideration of the brilliancy of the final result in relation to the 
planetary system, it exhibits an admirable specimen of the application of 
analysis to one of the most difficult subjects of physical astronomy, being 
planned with a sagacious appreciation of the difficulties peculiar to such 
abstruse researches, and pursued throughout its details with exquisite 
mathematical skill. 

The impression produced by the communication of Mr. Airy to the 
Astronomical Society was such as always naturally ensues when truth is 
presented in the form of a plain statément of facts, stripped of all ingenuity 
of reasoning or flourish of rhetoric, and relying for acceptance solely on 
the authenticity and invate strength of the evidence by which it is ‘sup- 
ported, The most illustrious philosophers, of Europe, while justly acknow- 
ledging the originality and brilliancy of M. Le Verrier’s researches on the 
perturbations of Uranus, have cordially concurred in awarding a similar 
tribute to Mr. Adams, and the names of both these geometers are now 
imperishably associated with the theoretical discovery of the planet by 
which ‘these perturbations were produced. 

“It has been asserted that as M. Le Verrier's researches alone were 
instrumental in leading to the‘actual discovery of the planet by Galle, 
Mr. Adams, whose labours exercised no influence on the observations of 
the German astronomer, cannot justly be placed in so aie @ position as 
his illustrious contemporary. This opinion we imagine to have originated 
in an imperfect discrimination of the respective functions of the geometer 
and, the observer. The geometer, relying upon the firmly-established 
principles of the theory of gravitation, recognises in the irregularities of 
one of the planets unequivocal evidence of the existence of an unseen 
member of the solar system, and, by a successful application of analysis, 
he arrives at a knowledge of its position. The observer, guided by the 
instructions of the geometer, searches the heavens, and succeeds in dis- 
covering optically what the geometer had previously discovered theoretically. 
Each has his peculiar duties, totally distinct from those of the other; and 
we should be acting in opposition to the plainest maxims of justice by 
ascribing to the one any credit on account of duties performed by the 
other. The éclat which so justly surrounds the optical discovery of the 
Trans-Uranian planet must be shared severally by the Berlin Academy of 
Sciences under whose auspices the charts of the zodiac have been con- 
structed, by Dr. Bremiker who so skilfully designated the region of the 
heavens in which the planet was moving, and by Dr. Galle, who so 
promptly availed himself of the publication of Dr. Bremiker’s chart. If 
we would look for the real grounds of M. Le Verrier's renown, we must 
abandon the glorious spectacle of the heavens and enter the solitary 
chamber of the geometer. It is there that he justly becomes the object of 
our admiration, as he advances step by step along the intricate maze of 
his researches, vanquishing each successive difficulty by the ready re- 
sources of his genius, and cheerfully executing calculations which are 
almost appalling to contemplate; until a bright flood of light is finally 
diffused over his labours, and the distant member of our system, which 
human eye has not yet seen, discloses itself to his purely intellectual scru- 
tinies with all the certainty of demonstrative reasoning. If this be the 
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take a similar view of tho equally admirable labours of Mr. Adams. Nor 
can the award of equal merit be withheld, on the ground that Mr. Adams 
reserved the secret. of his researches to himself, while M. Le Verrier 
openly promulgated his results to the world, and thereby put astronomers 
in possession of the means of actually discovering the planet. This 
objection is untenable, for the simple reason that it is directly at variance 
with acknowledged facts. Mr. Adams communicated his results to two of 
the most influential astronomers of England, whose co-operation, as we 
have already had occasion to remark, sufficed’ to secure the optical dis- 
covery of the planet. That the laborious search undertaken at Cambridge 
was anticipated as regards the final result by the more simple procedure 
adopted at Berlin, cannot, without a flagrant violation of the rules of jus- 
tice, be considered derogatory to the merits of Mr. Adams. It was suf- 
ficient that he had communicated his results to competent astronomers. 
It would be totally inconsistent with reason to hold his fame responsible 
for any ulterior proceedings. We have already mentioned the peculiar 
advantage enjoyed by the Berlin astronomers in searching for the planet. 
Tf a similar facility of search had been accessible at the Observatory of 
Cambridge, it is admitted by all persons that the planet could not fail to 
have been first discovered there’*, This is a question, however, which 
concerns Professor Challis, but does not, in the remotest degree, affect the 
purely theoretical labours of Mr. Adams. 

We have been induced to submit to the reader the foregoing remarks, 
because we conceive that the brilliant result achicved by the Berlin astro- 
nomers has had a tendency to foster erroneous ideas relative to the merits 
of the various persons, whether mathematicians or astronomers, whose 
labours have been more or less associated with the discovery of the Trans- 
Uranian planet. It is only, however, by persisting to confound things 
totally dissimilar in their nature, that any such notions can retain a per- 
manent hold on the mind. 

Soon after the discovery of the planet, an attempt was made in this 
country to exhibit in an unfavourable light the conduct of the astronomers 
to whom Mr. Adams had communicated his results towards the close of 
the year 1845. They were charged in vehement terms with lukewarm- 
ness in the cause of science, as well as indifference to the honour of the 
country and the reputation of Mr. Adams, on the ground that they did not 
institute an immediate search for the planet which theory had indicated 
so clearly to exist. It was alleged that the execution of this task de- 
volved more especially upon them, inasmuch as they were the official 
astronomers of the country, and that, by neglecting to carry into effect the 
proposed search, time was allowed for a rival to step into the field and to 
divide with Mr. Adams the honour attached to the theoretical discovery of 
the planet. 

It is hardly necessary to state that this accusaticn is the offspring of in- 
discriminating zeal or personal prejudice, rather than the result of a dis- 
passionate examination of facts. We are confident that the simple perusal 
of the foregoing account will be amply sufficient to convince any unbiassed 
mind of the justness of this assertion. As, however, the charge is not desti- 
tute of plausibility, and as some of our readers, who have not bestowed 








* «Si M, Challis s’en fit servi (une earte des étoiles) au lieu de suivre une marche plus 
peuible, il n’eit pas manqué une découverte qui échappa en pareille cirpenstance 4 Le- 
monnier et 4 Lalande.”—Extract of a Letter from M. Valz to M. Arago, Comptes Rendus, 
tome xxiv. p. 880. 
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sufficient attention on the subject, may have been misled to some extent 
by this groundless clamour, we deem it not altogether out of place to sub- 
mit a few remarks here in relation to it. We have not indeed the slightest 
doubt that if a diligent search of the heavens had been instituted in the 
mouth of November, 1845, it would have resulted in the discovery of the 
planet. But, while fully conceding this point, we are by no means pre- 
pared to admit that existing circumstances would have warranted the im- 
mediate appropriation of the resources of any official Observatory to such 
an object. It must be borne in mind that My. Adams’ results were the 
fruits of the first solution of the problem of planctary perturbation which 
the géeometer, aided by analysis, had yet arrived at. It was reasonable 
then to suppose that the position of the planct was not assigned with a 
high degree of accuracy, and that, in order to secure its discovery, a con- 
siderable region of the heavens would require to be submitted to a careful 
examination. In carrying this operation, however, into effect, no aid could 
be derived from any previous labours in Uranography, since a star map 
had not yet been constructed for the part of the zodiac in which the planet 
was then moving. The search, therefore, could only be accomplished by 
the prosecution of an extensive course of observations, similar to that 
which My. Challis undertook in the following year. Under such circum- 
stances it was imperative on the part of the astronomer, charged with 
official duties, to exercise due discretion in selecting the most favourable 
period for devoting the resources at his disposal to a systematic search for - 
the planet. This line of conduct was more especially prescribed in the 
present case, as two months had already elapsed since the planet was in 
opposition, and the chance of effecting its discovery before it was lost i 
the rays of the sun had in consequence considerably diminished. The sub- 
sequent history of the circumstances connected with the discovery of the 
planet confirm this view of the subject. Although M. Le Verrier an- 
nounced the existence of the undiscovered body as early as the 1st June, 
1846, and confidently asserted, as the result of a careful analysis, that the 
crror in the position he assigned to it did uot exceed 10°, it does not ap- 
pear that a single telescope was directed to the heavens in search of the 
disturbing body at any Observatory on the Continent of Europe previous 
to the night of its actual discovery towards the close of the month of Sep- 
tember of the same year. Even at the Royal Observatory of Paris, which 
is under the direction of the illustrious philosopher who originally sug- 
gested to M. Le Verrier the subject of the perturbations of Uranus, and 
where it might have been expected that the remarkable results obtained by 
the geometer would have excited peculiar interest, no steps appear to have 
been taken towards the actual discovery of the planet, altheugh a mouth 
had elapsed between M. Le Verrier's announcement of his final results on 
the 31st August, 1846, and the receipt of the intelligence from Berlin, 
containing the accounts of Galle's discovery. That a search for the dis- 
turbing body would eventually have been undertaken at more than one 
Observatory is quite certain; but it was not the opinion of any astronomer, 
that without the aid of a star map, this object could be successfully aceom- 
plished, except by an extensive and systematic course of observation. 
‘Had it not been for the infinitely favourable civeumstance,” says M. Eneke, 
“of possessing a map whereon one might be sure to find the positions of all 
the fixed stars down to the tenth magnitude, I do not think that we should 
hava: found tee nlane "EP Aned ramnrice wall wriiae orinnetlne: bi ties 
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who have any practical knowledge of astronomy. They are addressed 
especially to the gencral reader, who might be led by misrepresentation 
to form inaccurate views on the subject. Men of science have all been 
delighted and astonished that the planet was discovered so soon. Only 
those who make the cause of science subservient to the miserable grati- 
fication of personal feeling have sought to indulge in opprobrious language, 
because the discovery did not take place sooner. Such persons, true to 
theirinstincts, would have been the first to hold up to public ridicule the 
credulity of the planet hunters, and to raise the charge of a wasteful 
expenditure of the country’s resources, if the speedy discovery of the 
disturbing body had not indicated a different, though equally unjustifiable, 
ground of obloquy. 

It would be an invidious task to institute a comparison between the 
respective merits of Le Verrier and Adams in connexion with the immortal 
discovery, of which we have endeavoured to give some account in the pre- 
ceding pages. We are of opinion that the labours of both these geometers 
are eqtally calculated to excite admiration. ‘I'he annals of science do 
not contain a brighter page than that which records the progress of M. 
Le Verrier’s labours as he advances from the ill-defined irregularities of 
Uranus to the precise position of the undiscovered planet. The care 
with which he serutinizes every fact; the vigilance he exhibits in de- 
tecting every imaginable source of error, and the thorough manner in which 
he sifts all its parts; the ingenuity and conclusiveness of his methods, 
and his indomitable perseverance in calculation—indicate, in a high degree, 
the possession of those qualities which constitute the main elements of 
success in all researches relating to the physico-mathematical sciences. 
Nor does a review of Mr. Adams’ labours offer @ less pleasing picture. We 
see the obscure undergraduate, while his attention is yet distracted by the 
routine of academic discipline, seizing with the happy intuition of genius the 
true theory of Uranus, and forming the bold resolution of tracing it to its 
final results. The constancy with which he afterwards struggles to effect 
this object, notwithstanding the manifest disadvantages of his position, is 
equalled only by the masterly character of his analytical researches and 
the brilliant termination to which he conducts them. It is gratifying to 
reflect that the labours of both Le Verrier and Adams, in connexion with 
the perturbations of Uranus, are so completely dissociated, that no danger 
of a mis-statement of facts can exist in the discussion of their relative 
merits. Differences of opinion on this last point will, no doubt, always 
prevail ; but we are confident that future ages will concur with the present 
in awarding to each geometer the tribute of unqualified admiration. 

The discovery of the planet Neptune (for such is the name by which 
Astronomers have agreed to distinguish the Trans-Uranian member of 
the Solar System) marks an important epoch in the history of physical 
astronomy. Hitherto the object of the geometer had been fo unfold by a 
deductive process the principles of perturbative influence, and to explain 
by them the various phenomona of the planetary motions. It was only in 
the determination of the masses of the planets, and in assigning the ratios 
of their polar and equatorial axes, that the order of inquiry was reversed, 
and an accurate knowledge of the disturbing influence was sought to be 
established by reasoning upwards from its observed effects. In each of 
these cases, however, the equations of condition are of extreme simplicity, 
and the value of the final results is dependent much less uyon the skill of 


the geometer than upon the accuracy of the fundamental observations. The 
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not appear to have occurred to any of the great geometers whose names are 
associated with the development of the theory of gravitation. Nor is this 
circumstance calculated to excite surprise, for the actual state of Physical 
Astronomy had not yet demanded such an advanced step. It was only 
when all the consequences resulting from the mutual action of the planets 
already known had been fully deduced, and the outstanding irregularities 
had assumed the form of residual phenomena depending on some foreign 
influence, that further speculation suggested the expediency. of inverting 
the usual order of investigation. It is manifest from this circumstance, 
that the complete establishment of the formule of planetary perturbation 
must have preceded any attempt to ascend from the effects produced by 
an unseen planet to the determination of its actual position. The accom- 
plishment of this latter object is therefore an indication of the highly- 
advanced state of physical astronomy, since it implies not only that the 
difficulties peculiar to the inverse problem of perturbation have been 
successfully overcome, but also that the irregularities occasioned by the 
mutual action of the planets have been deduced from the principles of the 
Newtonian theory, and have, in all instances, been found to accord with 
the results derived from observation. This remark does not, of course, 
spply to the planet which theory has recently revealed to us, since a con- 
siderable time must elapse before an accurate knowledge of the inequalities 
of its motion can be obtained. It will then be an interesting point to 
ascertain whether these inequalities do not in their turn afford indications 
of the existence of a still more remote member of the solar system. The 
“ astronomer is thus Ted to speculate on the theoretical discovery of planets, 
reflecting too feeble a light on account of their immense distance from the 
sun, to be ever visible, even by the aid of the most powerful telescopes. 
It is to be hoped, that notwithstanding the abundant harvest, which has 
been already reaped in Celestial Mechanics, that magnificent region is 
destined still to afford more profitable fields for the application of the re- 
sources of analysis than that which the imagination here suggests. 





CHAPTER XIII. 


‘The Elements of the Planet Neptune deduced from Observation.— They are found to be 
Discordant with the Results of Theory.—The cause of Discordance assigned.—The 
Planet observed by Lalande.—Theory of its Perturbations.—Researches on the Value 
of its Mass.— Uncertainty respecting this Element.—Researches of M. Hansen on the 
Lunar Theory.—-Conclusion of the History of Physical Astronomy. 


As soon as astronomers received intelligence of the discovery of the Planet 
Neptune, the new member of the solar system was regarded with intense 
interest, and accurate observations of it were made both in Europe and 
America. When the elements of the orbit were calculated from these ob- 
servations, a comparison of the results with those assigned by the theories 
of Le Verrier and Adams Jed to rather unexpected conclusions. Although 
the orbits agsigned by these geometers to the disturbing planet did not 
differ materially from each other, they both, on the other hand, exhibited 
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a very marked discordance with the real orbit, as indicated by observation. 
It was found that the orbit in which the planet actually revolved was much 
smaller than either of those deduced from theory, and that, instead of being 
yery eccentric, it approached very nearly to a circular form. The following 
are the elements calculated from observation by Mr. Walker of Washing- 


ton, U.S.: 
Mean distance. : 3 Z : F : 80.0363 
M. Long. January 1, 1847; M. T. Greenwich 828° 32’ 44”.20 
Eccentricity é ‘ ; : . . . 00871946 
Long. of Perihelion. . P : . 47° 12’ 67.50 
Long. of Asconding Node. : : - 180 4 20 8L 
Inclination - : é : . : 1 46 58 97 
Mean Daily Motion. ; ‘ : Fl 2155448 
Periodic Time . +. : : : 164.6181 trop. years. 


Elements of the planet's orbit were also calculated by other astronomers, 
and the results were found to agree very nearly with those above given. 
It appears that the mean distance, instead of being nearly double the 
mean distance of Uranus, amounts only to about two-thirds of it. The law 
of Bode, therefore, which is so remarkably applicable to the other mem- 
hers of the planetary system, totally fails in this case, The general 
discordance of the elements with those severally assigned by the two 
geometers who were led to the theoretical discovery of the planet, at first 
occasioned considerable surprise, and it was suspected that some difficulty 
would be experienced in rendering a satisfactory account of its origin. A 
little reflection, however, served to arrive at clearer views on the subject. 
In order that the reader may understand how elements so remote from the 
truth as those of Ise Verrier and Adams, could have sufficed to effect the 
theoretical discovery of the planet, it is necessary to form a distinct con- 
ception of the nature of the problem, by the solution of which these geo- 
meters were conducted to their respective results. The data of this 
problem were the observed perturbations of Uranus, and the main object 
to be accomplished was to determine the position in the zodiac occupied 
at any assigned instant by the disturbing body so as to arrive at its actual 
discovery. Now, the derangement occasioned in the motion of any planet 
by the action of another planct upon it depends on the intensity and 
direction of the disturbing force at each instant; and these again depend 
on the mass of the disturbing body, and on its distance and longitude with 
respect to tho sun, It is manifest, therefore, that only those elements 
which will accurately assign the distance and longitude of the disturbing: 
hody will render a complete account of the perturbations of Uranus. But 
if the values of the heliocentric co-ordinates should not be absolutely cor- 
rect, still, if they approach with tolerable approximation to the true values, 
it is not difficult to perceive that by a due adjustment of the mass, the 
intensity and direction of the disturbing force will be represented with a 
corresponding degree of precision. Under such cireumstances the anoma- 
lies of the disturbed planet will be accounted for with nearly as great 
fidelity as if the disturbing planet were in its true place, for the error of 
perturbation is obviously of an order inferior to the error in the place of 
the disturbing body. Now, although it is impossible permanently to re- 
present, even with tolerable accuracy, the heliocentric co-ordinav’es of a body 
revolving in an elliptic orbit by means of any elements which differ from 
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the true elements, still, when the question refers only to a section of the 
orbit, this object may be accomplished by employing indefinite combina- 
tions of elements, differing very considerably from each other. his will 
be readily understood when it is borne in mind that the theory of elliptic 
motion assigns four arbitrary constants, which may be modified in a variety 

“of ways, so as to answer the purpose of mutual correction; and that on 
account of the smallness of the arc described by the body, the outstanding 
errors, which inevitably exist in all such cases, are not allowed time to 
develope themselves to any serious extent. In the case of Neptune dis- 
turbing Uranus, the perturbations are sensible only a little before and 
after conjunction, Throughout the whole period embraced between 1690, 
the year of the earliest observation of Uranus, and the commencement of 
the present century, the action of the disturbing planet has been quite 
inappreciable; and consequently the tabular crrors of Uranus for that 
period may be considered as wholly explicable by the errors of the elliptic 
clements, The last conjunction of the two planets took place in the year 
1822, and the action of the disturbing planet was sensible only during 
about twenty years anterior to that event, and the same number of years 
subsequent to it. It is manifest, therefore, that any elements which will 
afford apretty accurate representation of the heliocentric co-ordinates of 
Neptune during the present century, will account with sufficient fidelity 
for the perturbations of Uranus during the same period. Conversely, if 
the perturbations are faithfully accounted for, we may conclude that the 
theory is capable of representing the co-ordinates of the disturbing planet 
with considerable precision, and that they may be employed with confidence 
for the purpose of its actual discovery. ‘hat the theories of Le Verrier 
and Adams were capable of so representing the co-ordinates of Neptune 
during the whole period when its action was sensible, may be seen from 
the following table, which exhibits the actual and theoretical values of the 
longitude and radins vector for the beginning of each of the years specificd 
between the years 1800 and 1860 :—~ 





Theory of Adams +. 


Planet Neptune. RiacitMed 





Ist Approximation. | 2nd Approximation. 





; Year.| Longitude,| Rad. Vee, [bona Rad. Vee. | Longitude. | Rad. Vee, |Longitude.| Rad, Vec, 





| ! 

1800| 226° 4’; 30.30 | 231°34'! 33.57 | 296°46’| 36.31 | 998° 9°! 34.90 
1810, 247 20 | 80.28 | 251 10 | 32.80 | 254 18 | 34.75 | 256 89 
1820, 268 52, 80.23 | 271 28 | 8295 | 27311 | 3345 | 276 5 | 
1830' 290 31! 3055 | 292 8! 3229 | 993 27! 3256 | 205 54 | 82.96 
‘ig4ol 312 17 | 90.06 263 | 314 30| 3222 | 316 10| 3311 
118501 334 12 | 29.96 » 33.82 | 335 36 | 3248 | 335 50 | 33.67 
1860! 356 14] 29.87 3426 | 356 1 | 354 39 | 34.57 





























* Mr. Adams’ theory is founded upon a method of successive approximation. A cer- 
tain value of the mean distance is first assumed, and by a comparison of the resulls 
calculated by its aid with those derived from observation, an indication is obtained of the 
direction in which the error in the mean distance lies, and also of its probable magnitude. 
The solution is then repeated with a new value of the mean distance, suggested by the 
original solution, and a further approximation is obtained. This is the method of 
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Tt is manifest that any two corresponding co-ordinates of either of the 
theories contained in the above table might have been employed with suc- 
cess in searching for the planet. Even twenty years before conjunction the 
error of its position as assigned by Adams’ first approximation amounts to 
little more than 10°, a quantity which falls considerably within the range of 
search proposed by the Astronomer Royal to Professor Challis, in the month 
of July, 1846. The reader will not fail to remark, that the longitudes are 
generally represented with greater accuracy than the distances. This cir- 
cumstance admits of easy explanation. The intensity of the disturbing force 
in any given configuration of the two planets depends on the mass and dis- 
tance of the disturbing planet. Now, if the distance be made too great, 
the disturbing force will be enfeebled in a corresponding degree ; but this 
effect. may be obviated by a suitable increase of the mass. This is pre- 
cisely what happens in the theories of Le Verrier and Adams. The dis- 
tances are all too great in both theories ; but, on the other hand, the mass 
in each case is considerably enlarged beyond its true value. The pertur- 
bations of Uranus may therefore be accounted for, in so far as the intensity 
of the disturbing force is concerned, even although the radius vector of the 
theoretical planet should be considerably erroneous. The mass, however, 
exercises no influence in determining the direction of the disturbing force; 
and if the latter element be erroneous to any great extent, the perturba- 
tion will be necessarily erroneous also, since it cannot derive compensatfon 
from any other source. Hence arises the necessity of a comparatively 
higher degree of accuracy in the representation of the longitudes of the 
theoretical planet. 

When the elements of Neptune were determined with a degree of pre- 
cision sufficient to enable astronomers to trace its motion through the 
anterior part of its orbit, attempts were made to ascertain whether it had 
been observed on any oceasion previous to its discovery as a planet by Dr. 
Galle. It was soon found by Dr. Petersen, of Altona, and Mr. 8. Walker, 
of Washington, thatfa star in the Histoire Celeste of Lalande, observed 
May 10, 1795, and since missing, could be no other than the planet Nep- 
tune. The place of the star being marked doubtful, the French astrono- 
mers were induced to examine the original manuscripts of the Histoire 
Celeste, which are deposited in the Royal Observatory of Paris. An in- 
spection of the observation established the identity of the planet with the 
recorded star, and disclosed an additional fact of extreme interest. It 
appeared that the planet was also observed on the 8th May, 1795, and 
that its right ascension and declination were regularly recorded, although 
they were not subsequently inserted in the printed catalogue. The dis- 
cordance of the two positions May 8-10, in a case where identity was 
looked for, boyond doubt suggested to Le Frangois Lalande a suspicion of 
the accuracy of his observations, and induced him to suppress altogether 
the observation of May 8. A comparison of the two observations clearly 


investigation generally employed in piozical astronomy. In his first solution, Mr. Adams 
assumed that the mean distance of the hypothetic planet was equal to 38.4; in his second 
solution he made it 37.5; and in his communication to the Astronomer Royal, dated 
September 2, 1846, he stated, as the result of further discussion, that 38.6 would 
probably be a very near approximation. The actual mean distance in fact is 30.04, 
Thus we see that Mr. Adams was fairly on the track of the true orbit. ‘The method 
employed by M. Le Verrier is of a more ambitious charactér, but, unfortunately, it is not 
adequate to meet all the dificulties of such abstruse enquiries, and in the present instance 
it had: the effect of betraying M. Le Verrier into error with respect tthe limits of the 
mean distance and the other elements of the orbit, . 
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exhibits the retrograde motion of a planet, and assigns differences of 
right ascension and declination, agreeing almost exactly with those indi- 
eated by the motion of the planet Neptune. 

An examination of the mutual action of Uranus and Neptune illustrates 
some very interesting points in the theory of planetary perturbation. 
In consequence of the mean motion of the former of these planets being 
only a small fraction less than twice the mean motion of the latter, the 
perturbations which recur in every synodic revolution of the two planets, 
assume a resemblance to those which take place in the theories of the 
first and second, and of the second and third satellites of J upiter. This 
near commensurability of the mean motions, in fact, introduces into the 
orbit of each planet a considerable eccentricity, dependent wholly on per- 
turbation, and distinguishable from the permanent eccentricity of the orbit 
by the constant coincidence of the line of apsides with the line of conjune- 
tion of the two planets. In the case of Neptune disturbing Uranus, the 
aphelion of the movable cllipse is constantly turned towards the point of 
conjunction. On the other hand, when the action of Uranus upon Neptune 
is considered, it is the perihelion that is tumed towards the same point. 
In another respect the perturbations of the two bodies resemble those of 
various other primary members of the planetary system. The near com- 
mensurability of the mean motions, combined with the permanent eccen- 
tricities of the orbits, gives rise to an inequality of long duration, similar 
to.that in the theories of Jupiter and Saturn, or any of the other lon 
inequalities to which we have had occasion to allude. The magnitude ant 
duration of this inequality cannot be ascertained with precision until 
astronomers arrive at an accurate determination of the elements of the 
two planets. This remark applics more especially to the mean distances, 
a very small error in their relative values producing an enormous influence 
on the final results. If we adopt 30.2026 for the mean distance of Neptune, 
being one of the earlier values deduced from observation, the duration of 
the inequality will Le 6820 years. On the other hand, if we employ 
Mr. Walker's determination of the mean distance, which differs from the 
preceding value only by +43, the duration of the inequality will only 
extend to 4051 years. The magnitude of the inequality will vary in a still 
greater proportion with the change of mean distance *, 

The mass of Neptune is an element which, in the present state of the 
theory of the planet, is still involved in great uncertainty. A satellite 
which has been discovered by Mr. Lassel fortunately affords the means of 
determining its value independently of the perturbative action of the 
planet, but no satisfactory results on this point have been elicited by the 
researches of astronomers. M. Otto Struve, by means of his own observa- 
tions, makes the period of the satellite 54214 15™, and the semi-major 
axis of the apparent orbit 17”.89. These numerical values indicate a 
mass equal to ;;453, the sun’s mass being represented by unity. On the 
other hand, Professor Pierce of Harvard College, U.S., guided by similar 
observations of his countryman, Mr. Bond, has obtained +54;, for the 
value of the planet’s mass. This geometer has executed a detailed calcu- 
lation of the perturbations which Neptune produces on Uranus, and has 
found that the mass deduced from Mr. Bond’s observations of the satellite 





* It is worthy of remark that the inequality is greater in the former of these cases than 
in the latter, although the disturbing body is then more distant. Both the magnitude and 
duration of the snequality increase ad infinitum as the mean distance increases towards 2 


206 HISTORY OF PHYSICAL ASTRONOMY. 


accounts better for the irregularities of the disturbed planet than any 
other value which has been assigned. When the difficulty of making 
observations of the satellite is taken into consideration, it is manifest that 
some time must elapse before the value of this element can be established 
with a degree of precision conformable to the present condition of Physical 
Astronomy. Z 

In one of the preceding chapters allusion has been made to the long ine- 
quality in the moon's epoch, which was the cause of so much embarrassment 
to astronomers in the present century, but of which the existence was placed 
beyond all doubt, and its true nature clearly established, by a discussion of 
the Greenwich lunar observations consequent upon their recent reduction. 
The complete explgration of this inequality by the theory of gravitation, 
was the reward of Professor Hansen’s researches on the subject. Mr. 
Airy, by the discussion of the same observations, detected also two small 
periodical inequalities in the moon's motion, neither of which had hitherto 
been recognised by theory. The greater of these inequalities was in the 
moon's Jatitude. It varied with the cosine of the moon's true longitude, 
amounted at its maximum to 2.17, and was additive. The other 
inequality was in the longitude. It yaried with the cosine of the longitude 
of the node, liad a maximum value equal to 0”.97, and was subtractive. 
‘hese quantitics are indeed very small, but such is the high degree 
of precision which characterizes modern observation, and such is the 
mathematical refinement attained in the correction of the lunar or planetary 
elements by tho discussion of masses of observations, that the existence 
and true form of the inequalities was established beyond all doubt by Mr. 
Airy’s researches. Observation and theory were therefore once more at 
direct issue, and it remained for the geometer to reconcile their discordance 
hy demonstrating the existence of the discovered inequalities, as necessarily 
due to perturbative action. This important object has recently been ac- 
complished by the seme geometer to whom the explanation of the long 
inequality in the epoch of the moon is due. Professor Hansen, by a pro- 
found investigation of the lunar theory, has discovered two inequalities 
similar to those indicated by observation, and very nearly agreeing with them 
in their maximum values. ‘The inequality in latitude was found by him to 
amount to 1”.388. It arises from this circumstance, that the plane to 
which the lunar orbit is inclined at an invariable angle is not the plane of 
the ecliptic as has been hitherto supposed, but a plane the position of 
which Professor Hansen represeuts by the following conception :—‘‘ Take 
tho plane of the earth’s orbit in the position in which it. was about three 
years ago; let the nodes of this plane revolve backwards on the present 
ecliptic through 90°, without change of inclination; the plane so found is 
the plane to which the uniformity of the inclination of the moon’s orbit is 
to be referred.”* ‘he same train of investigation gave also the inequality 
in longitude, M. Hansen obtained 0.50 for its maximum value. The 
discordance between M. Hansen’s results, and the values assigned to the 
inequalities by Mr. Airy, are not greater than such as may fairly be 
ascribed to errors of observation. ‘lhus the clouds which for a moment 
obscured the Newtonian theory of gravitation have been effectually dis- 
sipated, and a fresh conquest has been added to the long list of triumphs 
which adorn its history. : 

With the foregoing brief allusion to the recent researches of M. Hansen 


* Letter from Professor Hansen to the Astronomer Royal, MonthlyNot. Ast. Soc., 
June, 1849, | 
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on the lunar theory, our imperfect attempt to trace the history of physical 
astronomy is now brought to a close. A review of the progress of this 
sublime department of science from its origin to its present advanced 
state exhibits three periods, severally characterized by distinctive fea- 
tures, and separated by well-defined outlines. he first of the seperiods 
extends from the commencement of Newton's career to about the middle 
of the eighteenth century. It comprehends the establishment of the 
theory of gravitation by that immortal philosopher, the general propaga- 
tion of its principles, and the efforts pursued by geometers with a view to 
its future development. The appearance of the Pringipia in 1689, is one 
of those conspicuous landmarks in the annals of science which enable the 
reader to group together a multitude of subordinate events, ‘and to pursue 
his way with comparative ease along the intricate path of physical re- 
search. Guided by the maxims of a cautious philosophy in establishing 
his fundamental principles, and relying on the conclusions of a sublime 
geometry, the offspring of his own genius, Newton has in that work un- 
folded the mechanism of the material universe, and traced with complete 
success the agenoy of gravitation in all the grand phenomena of the 
planetary movements. The dim perceptions of Copernicus, the more 
searching and comprehensive but equally ineffectual speculations of Kepler, 
the sober conjectures of Borelli, and the acute surmises of Hooke, wero 
now proved by demonstrative reasoning to be so many indistinct and 
scattered glimpses of one all-pervading principle which the author had the 
glory of first revealing to the world. The multitude of complex and 
apparently unconnected phenomena, which astronomers had detected by 
means of persevering efforts, prosecuted throughout a long succession 
of ages, now assumed the character of subordinate truths flowing from ono 
common source. ‘The sagacious generalizations of Hipparchus and 
Ptolemy among the ancients, and the cqually admirable efforts of Tycho 
Brahe and Kepler among the moderns, were finally emancipated from 
the empiricism which ‘characterizes mere mathematical inductions, and 
now stood forth invested with all the grandeur of natural laws. Tho 
general adoption of the theory of gravitation which took place towards 
the close of the period we are considering, affords a lesson at once interest- 
ing and instructive. Slow at first to admit principles which presented 
themselves in the austere garb of the ancient geometry, and violated the 
cherished creations of fancy, the human mind, notwithstanding, was unablo 
effectually to resist the force of demonstrative reasoning, and finally was 
constrained to bow before the simple majesty of truth. By a rational 
exposition of their more salient features, the principles of the theory of 
gravitation were brought home to the understandings of persons unused 
to processes of scientific inquiry with a power of conviction which the more 
refined investigations of modern times are calculated only in a small 
degree to strengthen. With respect to the geometer, the impression 
produced on his mind by the discoveries of Newton was of a totally different 
character. Far from recognising a theory already complete in ail its parts, 
he discovered, in the pages of the Principia, an inexhaustible mine of 
profound research, and already descried, in the dim perspective of futurity, 
the magnificent expansion which the sublime principles therein expounded 
were destined to acquire. But, to usc the language of an illustrious living 
philosopher, the geometry of Newton was like the bow of Ulysses, which 
none but its master could bend*. The efforts of geometers during this 
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period were therefore mainly directed to the improvement of the transcen- 
dental analysis, the only instrument that could be expected in future to. 
afford any eflicient aid in the abstruse researches relating to the system of 
the world, its applications being confined to problems of pure mechanics 
—the branch of science which forms the connecting medium between 
analysis and physics. The prodigious mass of original matter that had 
been presented in the Principia in a synthetic form supplied geometers 
with an inexhaustible field of delightful speculations of this nature, and 
gave birth to a multitude of analytical inventions whigh proved of incalcu- 
lable service in thegature development of the theory of gravitation. 

The second perio® in the history of physical astronomy extends from 
the commencement of the labours of Euler and his contemporaries on the 
lunar theory to the close of the eighteenth century. Less fertile in 
original ideas than the period to which we have been referring, it notwith- 
standing exhibits a refinement of conception in fundamental principles, 
combined with a power of generalization in the methods of research, to 
which no scientific investigations in any other age can offer a parallel. 
These brilliant efforts of genius, when applied to Celestial Mechanics, con- 
ducted the gcometer to new solutions of ali the great problems of the 
system of the world, more comprehensive in design, and more fertile in 
detail, than those derived from the synthetic methods of the Principia. 
Formule were assigned exhibiting the oscillations of the planetary move- 
ments throughout indefinite ages both past and future. The sublime 
truths relating to the stability of the planetary system were established by 
Lagrange and Laplace upon the basis of a rigorous analysis. The accurate 
computation of the motion of the lunar apogee, the equally satisfactory 
account of the hitherto inexplicable,irregularities of Jupiter and Saturn, ands 
of the secular acceleration of the moon's mean motion, the solution of the 
great problem of the precession of the cquinoxes by the strictest principles 
of mechanical science, and the coraplete establishment of the theory of 
Jupiter's satellites, may be ranked among the most brilliant conquests 
achieved during this period. The actual state of astronomical science 
was also now brought into more intimate connexion with the researches of 
the geometer than it had been in the preceding period. The phenomena 
of the celestial motions discovered by Hipparchus and his successors down 
to Kepler inclusive, were too broadly traced out in the heavens to excite 
any doubts respecting their real character. It only remained, therefore, 
to explain their dependence upon physical principles, a task which devolved 
exclusively on the geometer. But when the latter proceeded to consider 
the more recondite parts of the theory of gravitation, it became indis- 
pensable, in order to obtain a confirmation of his results by an appeal to 
observation, that the corresponding phenomena of the heavens should be 
exhibited in a clear form by the astronomer. The objects of research, 
being now, however, of a more -minute character than those hitherto 
accounted for by theory, were appreciable to the astronomer only by a closer 
scrutiny of facts and greater delicacy of observation. It was thus that 
astronomy and abstract scicnce reflected a light upon each other's paths, 
which conduced materially to their mutual progress. The results achieved 
by the critical acumen of Halley, the sagacity of Bradley, and the unrivalled 
practical skill of Maskelyne, advanced at an equal pace with the analytical 
rescarches of the geometers on the Continent, and are imperishably asso- 
ciated with them in the magnificent triumphs which illustrate the history 
of physical astronomy during this period. The latter aptly cleses with the 
publication of the Mécanique Celeste, a work embodying many of the most 
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important methods of Euler, Clairaut, D’Alembert, and Lagrange; but in 
respect to which it has been beautifully remarked by an eminent philo- 
sapher* that the immortal author might be amply justified in using the 
words of the prince of antiquity, “ et quorman pars magna fui.” 

The third period, although distinguished less by intellectual triumphs 
than by the profusion of its accumulated treasures, notwithstanding 
exhibits some results which may vie in splendour with the most brilliant 
efforts of genius in any age. The sublime theory of the variation of 
arbitrary constants was carried by Lagrange to a state of perfection which 
will command the admiration of geomcters to the latest” posterity, and was 
subsequently applied with success to all the great problems of the system 
of the world. “The vast treasures of analysis which had been amassed by 
the geometers of the cightcenth century supplied inexhaustible stores for 
the improvemeut and extension of the several parts of the theory of gravi- 
tation; and, as the objects of research were now of a still more evanescent 
character than they had been in the preceding period, the labours of the 
astronomer were characterized by a suitable degree of refinement. The 
annals of science do not contain the record of more delicate operations 
than those which have been conducted in the present age for the purpose 
of determining the ellipticity of the earth by means of the pectin, 
The. elements of the planetary orbits have also been determined with 
unexumpled precision, a circumstance which has been attended with the 
twofold advantage of improving the tables of astronomy, and exhibiting, in 
bold relief, the existence of outstanding irregularities. By these means 
the long incqualities in the earth and moon, besides various phenomena 
of minor interest, have been detected and accounted for by the theory of 
gravitation. A similar process led to a clear definition of the anomaties of 
Uranus, and suggested those immortal investigations which established the 
existence of an exterior planet. 

Tho future prospects of physical astronomy are in accordance with its 
past triumphs. The theories of the smaller plancts and comets, and the 
inverse problem of planctary perturbation, still continue to offer to the 
geometer extensive subjects of interesting research. ‘The theories of the 
secondary systems are also still in an imperfect condition, It is true that 
the moon and the system of Jupiter's satellites have formed the subjects of 
elaborate research, and that their complex perturbations have been studied 
with a degree of success which leaves little further to be desired; but so 
intricate are the various parts of physical astronomy, and so difficult is it for 
the geometer to bring them within the reach of his analysis, that methods 
of investigation devised for any particular problem become totally useless 
when applied to others apparently similar to it. In the secondary systems 
of Saturn, Uranus, and Neptune, difficulties will doubtless occur to the 
geometer, which can only be vanquished by methods of analysis peculiarly 
adapted to cach specific case. But the planetary system docs not hold 
out the exclusive prospect of future advancement jn ithe study of Celestial 
Mechanies, Already the sublime truth amiounced by Newton, that every par- 
ticle of matter in the universe attracts every other particle with a force vary- 
ing reciprocally as the squares of their mutual distances, has been realised 
in the motions of those vast bodies which roll in space at an inconceivable 
distance beyoud the limits of the solar system. The recent researches of 
astronomers on the motions of Double Stars have established this important 
fact beyond all doubt. An unlimited field of speculation is here presented 

* M. Biot. 
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to the contemplative mind. Whether it is allotted for the geometer to 
transport his analysis effectually to those myviads of bodies which twinkle 
in the starry heavens, and to calculate the perturbations which the solar 
system may one day experience as, in the course of its motion through 
space, it approaches some of the great masses of the universe, are questions 
which cannot fuil to occur to the thoughtful inquirer, but are of the class 
which time alone can solve. To use the language of an eminent philosopher 
it would be rash to be too sanguine; it would be unphilosophical to despair. 

Still more shrouded in mystery is the question relative to the nature 
and mode of operation of the principle which is thus found to exercise an 
incessant influence over the constituent particles of matter. That it has a 
close affinity to heat, light, electricity, and the other imponderable agents 
of the material ereation,—nay, that all may be only so many distinct mani- 
festations of some more general principle, is the prevailing opinion of those 
who have devoted much attention to physical researches. This opinion 
may one day ripen into an established truth, and views of nature unex- 
ampled in magnificence and splendour may be reserved for future genera- 
tions. In the present state of our knowledge, however, all attempts at 
generalizations of this kind must be regarded as premature. A multitude 
of difficulties occur in every subject of physical enquiry, the explanation of 
which must preeede any extensive induction of general principles such as 
that referred to, but which ean only be expected to result from scientific 
researches prosecuted throughout a Jong succession of ages. Whether 
gravitation is a quality inherent in, and necessarily co-existent with, 
matter, or whether it is a principle essentially distinct from it and 
operating merely on its constituent parts, is a question which, in all 
probability, is destined for ever to prove irresolvable to the most penetrating 
inquiries of the human mind, It is when he thus passes the boundary 
that circumscribes the province really accessible to his researches, and 
seeks with prying interest to penetrate into the illimitable region of the 
unknown, that man with all his boasted philosophy is reminded of his 
nothingness. He has decomposed the subtle light into its primitive 
elements, and determined with mathematical rigour the amazing velocity 
of its transmission through space; he has measured the distances of the 
celestial bodies, and traced the laws of their complicated movements—but 
the fall of a decayed leaf suggests to him problems, whose solution 
transcends the loftiest powers of his understanding, and in the physiology 
of the lumblest moss that presents itself to his contemplation he en- 
counters mysteries that prove impenetrable to his most searching seru- 
tinies. To examine, arrange, and classify the countless varieties of 
physical phenomena—to define the character, and unfold the admirable 
beauty, of the principles that unite them together, and to advanve by ‘suc- 
cessive inductions to relations of a more and more extensive order in the 
economy of the material universe—such are the magnificent enterprises 
which science proposes to the well-directed efforts of persevering thought— 
such are those alone whose realization is attainable by human research. 
Ennobled with elevating conceptions of creative grandeur, and fraught with 
sentiments of pure enjoyment, is the mind of the philosopher, who, while 
prosecuting the study of nature in the true spirit of rational inquiry, regards 
his vocation, not as a pursuit designed to gratify his curiosity or minister 
to his ambition, but as a glorious privilege offered to him, by rightly 
availing himself of which he is enabled to advance the condition of his 
fellow creatures, and to discover innumerable illustrations of the power, 
wisdom, and goodness of the Supreme Being. 
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CHAPTER XIV. 


Researches on the Solar Parallax.— Modern Determinations of this Element.—Discovery 
of the Solar Spots.— Consequences deduced from this Discovery.—Period of the Sun’s 
Rotation.—Theories of the Solar Spots.— Wilson.— Herschel. Researches on the 
Lunar Parallax.—Ellipticity of Mercury.—Researches on the Rotation of Venus.— 
Discovery of the Ultra Zodiacal Planets.—Micrometrical measures of Jupiter's 
Satellites—Micrometrical measures of Saturn, and of his Ring.—-Discovery of the 
eighth Satellite of Saturn.—Researches.on the Satellites of Uranus,—Lassel's Dis- 
covery of the Satellite of Neptune.—Rescarches on Comets.—Halley’s Comet.— 
Comet of 1843, 


Tux determination of the distance from the sun to any of the planets 
revolving round him, is one of the most important problems of astronomical 
science. When this object is effected in any individual instance, it is then 
possible ‘by means of Kepler's third law to ascertain the distances of all the 
planets from the sun, and hence, also, their distances from the earth cor- 
responding to any assigned instant. An accurate knowledge of the latter is 
indispensable in reducing the apparent positions of the planets to the true 
pe which they would occupy if seen from the centre of the earth. 
hese results may obviously be all derived from the solar parallax, which is 
a Fee by the reciprocal of the sun's distance from the earth. The real 
value of this element has, in all ages, formed an interesting subject of 
enquiry, Aristarchus of Samos, by observing the angular distance between 
the sun and moon, when the latter was dichotomized, inferred that the 
sun is nineteen times more distant from the earth than the moon is. 
Ptolemy assumed this result. to be true, and, combining it with the value 
of the lunar parallax as determined by his own observations (or rather 
perhaps those of Hipparchus), he obtained 3/ for the amount of the solar 
parallax. This value was adopted by all his successors down to Tycho 
Brahé inclusive. Kepler, while engaged in his celebrated researches on 
the motions of Mars, availed himself of the accurate observations of Tycho 
Brahé to institute a searching scrutiny into the value of the solar parallax, 
The conclusion he came to was, that it did not exceed 1’, and in all pro- 
bability fell very short of that quantity. ‘The researches of Cassini reduced 
the superior limit considerably below this value. He attacked the problem 
not. by direct investigation, but by means of researches on the parallax of 
Mars. When this planet is in opposition, it is much nearer to the earth 
than the sun is, and consequently its parallax is then a much more 
appreciable quantity than that of the sun. But if the parallax of any 
planet is once determined, the parallax of the sun or that of any other 
planet, becomes known by means of Kepler's third law. The method pro- 
posed by Cassini for determining the parallax of Mars, was to make simul- 
taneous observations of the planet when in opposition at two places of the 
earth considerably distant from each other, and then, by a comparison of - 
the results, to ascertain the amount of displacement arising from the 
difference of position. For this purpose, Richer was sent by the Academy 
of Sciences to Cayenne, in Africa, while Cassini, Roemer, and Picard 
observed the planet at different places in France A eamnarienn af tha 
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positions of the planet as determined by these. observations shewed that 
the effect of parallax was insensible; whence it was inferred that at the 
utmost it did not exceed 26’. This gave 10” as the greatest value 
which could be assigned to the solar parallax. Cassini fixed it at 9’.5, 
a result which formed a very important approximation to the true value. 
When Lacaille was at the Cape of Good Hope, he made observations of 
Mars for a similar purpose. A comparison of his results with those 
assigned by similar observations in Europe gave 10”. for the amount 
of the sun’s parallax. 

The transits of Venus across the sun’s disk in the years 1761 and 1769 
supplied astronomers with a more accurate method of determining the 
solar parallax than that to which we-have been just alluding. This 
method was first pointed out by Halley, who, in 1716, suggested to 
astronomers to carry it into effect on the occasion of the approaching 
transit of the planet, earnestly imploring them not to neglect so valuable 
an opportunity of determining so important an element. Astronomers 
did not fail to appreciate the value of Halley's proposal ; and on their 
recommendation the principal Governments of Europe fitted out expe- 
ditions to various parts of the world, both in 1761 and 1769, for the 
express purpose of observing the transit of the planet. The transit of 
1761 was imperfectly observed, and the result did not prove satisfactory. 
The transit of 1769, however, was observed with complete. success. A 
comparison of the results assigned by the various observations gave 8.7 
and 8”.5 as the most probable limits within which the parallax is confined. 
Delambre assigns 8.6 as the most accurate value, a result which places 
the sun at the distance of 95 millions of miles from the earth. When we 
consider the ingenuity of the method employed in.arriving at this deter- 
mination, and the refined nature of the process by which it is carried into 
effect, we cannot refrain from acknowledging it to be one of the noblest 
triumphs which the human mind has ever achieved in the study of physical 
science. 

A comparison of the value of the solar parallax as assigned by observa- 
tions of the planet Mars, with that obtained by the more accurate method 
of the transit of Venus, did not lead to so close an agreement as might 
have been expected from the advanced state of astronomy. With the 
view of arriving at a more satisfactory result by the former of these 
methods, the late Mr. Henderson made observations of Mars at the Cape 
of Good Hope, on the occasion of the opposition of the planet in 1882. 
Simultaneous observations of the planet were made at Greenwich, Cam- 
bridge, and Altona. A discussion of all the observations gave for the 
solar parallax a mcan value equal to 9.125. This result forms a nearer 
approximation to the generally acknowledged value, than either of those 
assigned by Cassini or Lacaille, but still it has not altogether satisfied the 
desire of further research on the subject. A method for determining 
the solar parallax by means of observations of Venus and Mars has 
recently been proposed by Dr. Gerling of Marburg. A suggestion which 
was made to the Government of the United States to lend its co-operation 
in carrying this method inte effect, has been favourably received ; and, in pur- 
suance of this object, an expedition has been despatched to the State of Chili, 
in South America, in the month of July of the present year*. It is con- 
templated to observe Mars at the oppositions of 1849-52; and Venus at 


* 1849. 
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the inferior conjunctions and stationary points of 1850-52. The conduct 
of the observations has been assigned to Lieutenant Gilliss, a young 
astronomer who has already signalized himself in a most praiseworthy 
manner. It is to be hoped that the result of this expedition will prove to 
be as conducive to the advancement of astronomical science as the expedi- 
tion itself is creditable to the Government under whose auspices it has been 
undertaken. 

When Galileo first directed his telescope to the sun, he was surprised 
to find that the surface of that luminary, instead of presenting a uniform 
appearance, according to the opinion universally entertained by philoso- 
phers, was diversified with a number of dark spots exceedingly irregular 
both in form and magnitude. When watched attentively for some days 
these phenomena were perccived to be in a state of constant change. In 
some instances two or three spots would unite together and form one large 
spot; and on the other hand it happened not unfrequently that a spot of 
considerable magnitude would break up into two or three smaller ones. 
In the latter case the spots generally diminished with more or less rapidity, 
and finally’ disappeared altogether, when they were succeeded by others of 
the same irregular and fleeting nature. This remarkable discovery 
imflicted one of the most effective blows which had yet been dealt against 
the ancient philosophy by the progress of scientific research ; for it was 
one of the fundamental doctrines of Aristotle that the heavens are incor- 
ruptible and immutable; and, therefore, that the surfaces of the celestial 
tollies are destitute of any physical changes analogous to those which 
characterize the operations of nature on the surface of the earth, The 
announcement of the existence of spots on the sun was therefore received 
by the adherents of that philosophy with feelings of deep mortification, 
and various attempts were made to demonstrate its fallacy. By some the 
spots were alleged to be spurious phenomena arising from the impurities 
in the glasses with which the observations were made. By others they 
were maintained to be planets revolving round the sun at small distances 
from his surface, for when watched some days they were all found to have 
a motion on his disk from east to west. Observations made with different 
glasses sufficed to disprove the former of these assertions. With respect 
to the latter, a fatal objection to it consisted in the irregular aspect and 
changeful character of the spots. 

Although the name of Galileo is more intimately associated with the 
discovery of the solar spots than that of any other philosopher, it would 
appear that one of his contemporaries at least arrived also at a knowledge 
of these interesting phenomena by original observation. Nay, it has even 
been alleged that the illustrious Italian was anticipated on this occasion by 
an astronomer of Germany. It is incontestable that the earliest publica- 
tion which contains an account of the solar spots is due to John Fabricius, 
a nephew of David Fabricius, the astronomer and intimate friend of 
Kepler. The dedication of this work* is dated June 18, 1611. The 
author asserts that the solar spots were observed by him from the com- 
mencement of the current year. The work contains internal evidence 
that some of the observations of these phenomena must have been made 
at least three months anterior to the date of dedication. Another of 
Galileo's contemporaries who asserted that he had discovered the spots 
by his own observations was Christopher Scheiner, a German Jesuit, 


* Johannis Fabricii Phrysii de Maculis in Sole Observatis, &c. Witteburgi, 4to, 161}. 
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who was Professor of Mathematics in the University of Ingolstadt. This 
individual published an account of his observations in three letters ad- 
dressed to Wilser, the chief magistrate of Augsburg, under the anonymous 
signature of Apelles latens post tabulam. -The first of these letters is 
dated the 12th November, 1611. The author states that he first dis- 
covered the spots seven months previously. This assertion would carry 
back his observations to the month of April, 1611. He mentions that, 
upon resuming his observations in the month of October, he suspected 
that the appearances arose from some defect in the glasses with which he 
viewed the sun, but that after he had prosecuted his observations for a 
short time he finally became convinced of the actual existence of the spots *. 
With respect to his alleged discovery of the spots as early as April, 1611, 
it is clearly inadmissible, inasmuch as it rests solely on his own assertion. 
Nor, indeed, even if supported by sufficient evidence, do his observations 
of that period appear to possess any real merit, since we find him in 
October still doubting the actual existence of. the spots. Galileo first 
alluded to his discovery of the solar spots in the commencement of his 
“ Dissertation on Floating Bodies,” published at Florence in 16124 A 
detailed account of his researches on these phenomena is contained in 
three letters addressed to Welser in reply to the letters addressed to the 
same individual by Scheiner, whose views of the nature of the solar spots 
were at variance with those of the Italian philosopher. These letters 
were published at Rome in January, 1613, under the auspices. of the 
celebrated Lyncean Society t. The first letter is dated the 4th May, 1612. 
The author asserts in it that eighteen months had elapsed since he 
originally observed the spots. This statement carries back his discovery 
to about the beginning of November, 1610. As, however, he has not 
cited any observations of so early a date, nor mentioned any individuals to 
whom he communicated his discovery, it is impossible to admit his asser- 
tion as an historical fact§. Evidence of a more reliable character goes to 


* An amusing incident is related in connexion with Scheiner'’s observations, which 
indicates the fatal effect with which the authority of Aristotle succeeded in maintaining its 
ascendancy over men's minds, even when the dogmas of the illustrious Stagyrite were 
opposed to the testimony of the senses. As soon as Scheiner had assured himself of the 
actual existence of the solar spots, he communicated his discovery to the Provincial of the 
Order of Jesuits, but the latter, who was a zealous Peripatician, positively refused to give 
credit to his assertion. ‘I have read Aristotle's writings from end to end many times,” 
says he to Schciner, “and I can assure you that I have nowhere found in them anything 
similar to what you mention. Go, my son, and tranquillize yourself; be assured that what 
you take for spots in the sun are the faults of your glasses or your eyes.” The inflexible 
provincial would not allow him to publish his observations and opinions under his own 
name. He only consented fo an anonymous publication of them, as mentioned in the 
texf, 7 

+ Discorso intorno alle Cose che stanno in su PAcqua. Firenze, 1612. 

} storia et Dimostrazioni intorno alle Macchie Solari et loro accidenti dal Signor Galileo 
Galilei, &. Roma, 13 gennaro, 1613, 

§ M. Arago, in his valuable “ Analysis of the Life and Discoveries of Sir William 
Herschel,” published in the Annuaire for 1842, has discussed with great ability the claims 
of the various individuals to whom the discovery of the solar spots has been attributed. 
He rightly refuses to Galileo the credit of having discovered the spots eighteen months 
previous to his first Jeter to Welser, on the ground that the claim to the discovery rests on 
the bare assertion of its author. He, however, readily admits that if Galileo's letters con- 
tained the records of any observations made in the preceding year, such records should be 
considered as fully substantiating his claim to the discovery. The following are the 
words of M. Arago in reference to this point :— Le meilleur moyen de trancher toute 
difficulté sur la date de la découverte des taches cat été de rapporter de verilables obser- 
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shew that he observed the spots as early as the month of April, 1611. 
On some day in that month he announced the existence of the solar spots 
at a conference of savans, held in the garden of Cardinal Bandini at 
Rome. This fact was afterwards adduced in support of his claims to the 
original discovery of the phenomena, and was corroborated by several 
persons who were present at the conference. A fourth individual to whom 
the discovery of the solar spots has been attributed is Hariot, the cele- 
brated mathematician of England. De Zach, who visited this country 
towards the close of the last century, obtained access to the manuscripts of 
Hariot, and from an inspection of them he came to the conclusion that the 
author had observed the solar spots as carly as the month of December, 
1610. The late Professor Rigaud, of Oxford, however, having carefully 
examined the same manuscripts, found that the observations contained in 
them could not bear the interpretation put upon them by De Zach. It 
turns out, in fact, from his researches, that Hariot did not commence his 
observations of the spots before the month of December, 1611. With 
respect to the other three individuals whose names are associated with the 
discovery of the phenomena, it is pretty evident that the claims of two at 
least are well founded. Fabricius and Galileo appear to have both per- 
caived the spots about the same time. The observations of Scheiner were 
of a later date, but it is not impossible that they may have been quite 
independent of those of his contemporaries. : a 

The discovery of the solar spots soon conducted astronomers to the 
important conclusion that the sun has a rotatory motion round a fixed 
axis. Vubricius fuund that all the spots had a common imotion on the 
sun’s disk from east to west. ‘I'heir motion was greatest when they were 
in the centre of the disk, and it thence gradually diminished until they 
reached the western limb, when they disappeared from observation, In 
the course of ten days afterwards the spots reappeared on the eastern 
limb. Their motion at first was slow, but it continually increased until 
they reached the centre of the disk, when it again attained its maximum 
rate. He also found that the magnitude of the spots appeared to be 
greatest when they were on the centre of the disk, and least when they 
were near either of the limbs. He remarked, that according to the 
Principles of perspective, all these appearances would ensue on the sup- 
position that the spots were attached to the surface of the sun, the latter 
being supposed at the same time to revolve round an axis with a uniform 
motion from east to west. He does not appear, however, to have formed 
an adequate conception of the importance of this conclusion, for he did not 
pursue any further researches in connexion with it. 

Galileo reasoned on the subject with his usual sagacity. The various 
circumstances connected with the phenomena of the spots soon revealed 


vations. Qui aurait osé concevoir des doutes sur la sincerité d'une declaration de Galilée 
congue en ces terms; Tel jour, en 1611, je vis une tache prés du bord orienta! du Soleil ; 
tel autre jour elle etait au centre du disque; A telle troisiéme date je fus témoin de la 
disparition de la tache derriere le bord occidental? On trouve des observations de ce 
genre darts les lettres que Villustre physicien écrivit & Welser d’ Ausbourg, mais elles sont 
toutes des mois d’ Avril et de Mai, 1612.” (Annuaire, 1842, p. 469.) From the above 
passage we infer that if M. Arago had been acquainted with Mr. Airy’s “ Historical 
Statement of Circumstances connected with the Discovery of the Planct exterior to Uranus” 
at the time when he was engaged in drawing up the critical remarks on that subject, which 
appeared in the Coniptes Rendus for the 19th October, 1846, he would have conceded 
substantially to Mr. Adams his right to the discovery of the Trans-Uranian planet, as un- 
Ditecstatytirelay ae cee Shin) wee | Sevkbeu ai Lon ok tite Darvas LL: 
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to his acute perception the fact of the’sun’s motion round a fixed axis. In 
the remarks on the spots, which appear im the beginning of his “ Disserta- 
tion on Floating Bodies,” he makes the period of rotation to be about a 
lunar month *. In his third letter to Welser his language is more 
precise. He states that, having observed a great number of spots with 
much attention, he came to the conclusion, that the time during which 
they remained on the disk was somewhere about fourteen days}. This 
assigns rather more than twenty-eight days to the period of the sun's 
apparent rotation. Modern observation makes it 27¢ 8%. He also re- 
marked that the axis of rotation is not perpendicular to the plane of the 
ecliptic, but that it deviates from the pole of that circle only by a small 
angle. Although Scheiner formed very erroneous views of the nature of 
the solar spots, he studied with great assiduity all the circumstances con- 
nected with their appearance. In 1680 he published his Rosa Ursina t, 
an immense work, devoted exclusively to the subject of the solar spots, 


* Che (il sole) in un mese lunare in circa finisce il suo periodo. Opere di Galileo, 
Edit. Pad. tome i. p. 189. 

+ M. Arago, while engaged in discussing the relative merits of Galileo and Scheiner, 
with reference to their respective researches on the subject of the sun’s rotation (An- 
nuaire, 1842), appears to have been hurried, by the ardour of dispute, into the commission 
of an act of injustice against the illustrivus Italian. The following is a brief statement of 
the facts connected with this question. Scheiner, in one of his letters, had contended 
that the spots could not be attached to the surface of the sun, alleging in support of his 
assertion, that the time occupied by a spot in traversing the sun’s disk was greater in some 
cases than it was in others. Galileo denied the existence of any difference in the duration 
of the spots on the disk, and proceeds in the following terms to state the grounds of his 
disbelief :—“ Perche havendo io cirea questo particolare fatte molte, et molte diligeutis. 
sime osservazioni non ho trovato incontro alcuno, onde si possa coneluder altro, se non 
che le macchie tutte indifferamente dimorano sotto ’l solar disco tempi eguali che al mio 

iudizio sono qualche cosa pid di giorni 14.” (Istoria, &c., alle Macchie Solari, p. 116.) 

It ‘appears by this passage, and also by that cited in the foregoing note, that as early as 
1612 Galileo had watched with great assiduity the various circumstances connected with 
the solar spots, and that as nearly as he could possibly judye the period of the sun's rota~ 
tion was 28 days, In 1630, Scheiner published his Rosa Ursina, in which he fixed 
the period of rotation between 26 and 27 days. Let the reader compare these facts 
with the following assertion of M. Arago’s. “Galileo has never assigned the period of 
the sun's rotution, whether apparent or real, otherwise than ina vague manner. With 
respect to the apparent period he fixed it at about a month (nello spazio quasi d’yn 
mese, Dialogues),.,.Besides, the Dialogues did not appear until 1632, two years after the 
publication of the Rosa Ursina of Scheiner.” Thus it appears that M. Arago entirely 
overlooks the scientific statement made by Galileo in his letter to Welser, of December, 
1612, and assumes, as the basis of his reasoning, a remark on the same subject made by 
the illustrious philosopher in his « Dialogues on the System,” a work in which the author 
avowedly expounds his views rather in the language of familiar explanation than in the 
strict phraseology of science. Galileo’s estimate of the period of rotation is also pre- 
sented in a very unfavourable point of view by placing it after the publication of Scheiner’s 
work, and twenty years subsequent to the stricter statement made by him in his letter to 
Welser. It may be urged that the language of the Italian philosopher is by no means 
consistent with the precision due to such researches, This is, no doubt, true, but it cer. 
tainly does not lose, in this respect, by comparison with the language of Scheiner. . Indeed, 
when we take into account the discordances of the moderu determinations of the period of 
retation (amounting to seven or eight hours), we carmot refrain from the conclusion that 
too much reserve cannot be employed in advancing the charge of vagueness against the 
original explorer of the heavens with the telescope, whose observations were made with a 
little instrument that magnified only thirty-three times. 

$ Rosa Ursina, sive Sol ex admirando facularum et macularum suarum phenomeno 
varius, &c. Alluding to this enormous work, Delambre says, ‘‘ There are few books so 
diffuse and so void of facts. It contains 784 pages: there is not matter in it for 50 
pages."—-Hist. Ast. Mod. tome i. p. 690. 
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and comprebending observations of these phenomena, which extended 
over a period of eighteen years. He determined the period of the 
sun's rotation to be between 26 and 27 days. He also assigned 6° and 
8° as the two extreme limits of the angle at which the pole of rotation is 
inclined to the pole of the ecliptic. Modern observation makes it 7° 20’. 

The subject of the solar spots is calculated, in a strong degree, to attract 
the attention of those engaged in the study of physical science. When it 
is considered that. the sun exercises so commanding an influence over the 
operations of nature on the earth, it is impossible to repress an intense 
desire of arriving at some knowledge of those mysterious changes which 
are perpetually taking place at his surface.’ Notwithstanding its. manifest 
importance, however, there is, perhaps, no department of astronomical 
science in which less real progress has been made than in that relating to 
the solar spots. In order that the reader may form a clearer conception 
of the various theories which have been devised with a view to explain the 
origin of these interesting phenomena, we shall give a brief statement of 
the principal facts relating to them which have been established by the 
observations of astronomers. 

When « spot on the sun's disk is closely examined, it is found not to be 
uniformly obscure. The central part is characterised by intense blackness, 
but it is surrounded on all sides by a contour of appreciable breadth, which 
exhibits a semi-luminous appearance. The more obscure part of the spot 
is termed the nucleus ; while that which is visible by a faint light has 
been denominated the penumbra. The nucleus and the penumbra do not 
shade into each other, but are separated by a well-defined boundary, This 
important characteristic of the solar spots was first remarked by Scheiner, 
and has been fully established by the observations of subsequent astrono- 
mers. A similar remark holds good with respect to the exterior part of 
the penumbra ; the bounding line between it and the wholly luminous re- 
gion around it being in general distinetly visible. Sir William Herschel 
made a series of photometrical experiments with a view to determine the 
relative quantities of light emitted by the nucleus, the penumbra, and the 
wholly luminous part of the sun. The conclusion he came to was that, if 
the full light of thé sun be represented by a thousand, tlfe brightness of 
the penumbra will be represented by four hundred and sixty-nine, and 
that of the nucleus by seven. 

The formation of a spot is generally indicated by the appearance of a 
very black pore, which gradually enlarges on all sides. This enlargement 
of the spot. is effected by a simultaneous enlargement of the nucleus and 
penumbra. When two or more spots appear very close together, they 
frequently expand towards each other and form one large spot. When a 
spot is diminishing, previous to its disappearance, the process of diminu- 
tion is accomplished by an irregular encroachment of the penumbra upon 
the nucleus. This circumstance causes the form of the nucleus to be very 
irregular, and not unfrequently leads to its breaking up into two or more 
distinct nuclei. When a spot is disappearing, the nucleus generally 
vanishes before the penumbra. 

Sometimes a spot is observed in which the penumbra is wanting. Small 
spots are generally destitute of these appearances. On the other hand, a 
penumbra without a nucleus is occasionally seen. Scheiner, and the an- 
cient observers of the spots, were-of opinion that the exterior boundary of 
the penumbra never contained any sharp angles, however irregular the 
boundary on the side of the nucleus might be. The accurate observations 
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of Sir William Herschel have shewn that this is not universally true. On 
the 18th February, 1801, that astronomer observed a spot on thé sun's 
disk, from the nueleus of which there issued a branch, jutting out sharply 
upon the penumbra, while on the same side of the spot there appeared a 
similar projection of the penumbra upon ‘the luminous region around it. 
In the course of a little more than two hours he found that the nucleus 
had thrown out three branches ; and, in this case also, he found that there 
were three exactly corresponding branches of the penumbra. A conclusion 
manifestly deducible from these curious facts was, that the cause which 
acted upon the nucleus acted also in a similar manner upon the 
penumbra. . 

The magnitude of some of the solar spots is immense. In 1754, Mayer 
perceived a spot, the dimensions of which amounted to s1,th of the sun’s 
apparent diameter. This gives above 45,000 miles for the absolute 
diameter of the spot. In 1779 there appeared an immense spot on the 
sun.which Herschel was enabled to discern with the naked eye. When 
observed by him with a seven feet reflector, and a high magnifying power, 
it was found to be divided into two parts. The larger of the two measured 
1’ 8” in diameter, which indicates an absolute length of 31,000 miles. 
The rapid changes which these phenomena undergo is very astonishing. 
Herschel states that, while engaged in observing a spot on the 19th 
February, 1800, he fixed his attention on several places, but on looking 
off, even for a moment, the spots he had marked could not be found again. 
Sir John Lubbock, in a recent communication, states that he bas observed 
spots visible to the naked eye, of which, on the following day, not a trace 
could be found, even with the aid of a good telescope *. 

A remarkable circumstance connected with the solar spots is their con- 
stant appearance near the equator. Galileo remarked that their distance 
from that circle never exceeded 29°. Scheiner found by his own observa- 
tions, that they were all confined to a zone extending 30° on each side of 
the equator, which was termed by him, on this account, the royal zone. 
Subsequent astronomers have eularged the region of the spots; so as to 
embrace a zone of about 35° north and south of the equator. Occasionally, 
indeed, spots are observed in the regions exterior to this zone. A largo 
spot, which appeared on the sun's disk in 1783, was found by Mechain to 
be distant about 41° 30’ from the solar equator. This is, however, an in- 
stance of very rare occurrence. Sir John Herschel carefully observed the 
spots on the sun's disk, towards the close of the year 1836 and the begin- 
ning of 1837; and he has remarked that, during the whole period em- 
braced by his observations, the most unpractised eye could not fail to per- 
ceive by tho mere allineation of the spots, the situation of the poles and 
equator of the sun, without watching from day to day their progress across 

«the disk +, 

Besides the phenomena of the spots, the telescope has disclosed other 
interesting appearances on the sun’s disk. Some parts are perceived to 
be brighter than the rest of the surface, and hence have derived the ap- 
pellation of faculw. These phenomena were first noticed by Galileo in 
his third letter to Welser on the spots?. The illustrious philosopher, with 


* Phil. Mag. vol. xxxii. p. 171. 
: + Results of Astronomical Observations at the Cape of Good Hope, &c., &c. London, 
847. 


_ Posso aggiungere che nella medisima faccia de! sole si veggono tal volta aleune 
Piazzette pid chiare del resto. Istoria, &c., delle Macchie Solavi, p. 132. 


HISTORY OF PHYSICAL ASTRONOMY. 219 


admirable tact, cites the existence of these phenomena as an irrefragable 
proof that the spots are attached to the surface of the sun, instead of being 
planets, as Scheiner, in his “ Letters to Welser,” supposed them to be; 
for, on the latter supposition, he remarks, that the facule, in virtue of their 
motion from east to west, ought sometimes to appear as bright spots beyond 
the limb of the sun, a conclusion which was totally at variance with obser- 
vation. The facule generally present an extended luminous appearance, 
but occasionally they exhibit a round form. On the 3rd December, 1800, 
Sir William Herschel observed a facula, which measured 2’ 457.9 in ap- 
parent length, and therefore extended over a linear space of 75,000 miles, 
Facule are for the most part seen in the neighbourhood of spots, but 
sometimes they appear alone. In the latter case they are generally the 
precursors of spots which appear on the disk the following day. Messier 
was frequently enabled by this circumstance to predict the appearance of 
spots twenty-four hours before they actually presented themselves on the 
disk. The facule are always brightest on the sun’s limb, and generally 
disappear as they approach the centre of the disk. When they enter the 
disk on. the eastern limb they generally continue to be perceived for two 
or three days, after which they cease to be visible until they reappear on 
the opposite side of the disk, when they are again perceptible during two 
or three days before disappearing at the western limb. Bea 

The facule always appear iu the region of the spots. Observers, however, 
have discovered that the whole surface of the sun is diversified with minute 
luminous specks of different degrees of brightness and irregular streaks of 
light of extreme tenuity, bordered by more obscure parts. These pheno- 
mena are termed luculi. They are always perceptible on the sun’s disk, 
and cause the whole surface to assume a mottled appearance. Sir William 
Herschel compares the corrugated state of the sun, arising from this cause, 
to the roughness of an orange. ‘These phenomena are found to be ina 
state of constant change. The more obscure parts, when submitted to a 
close examination by Sir William Herschel, presented small pores as 
black as the nuclei of the spots. 

We now proceed to notice the various explanations of the solar spots 
which have been advanced by different astronomers. Galileo supposed 
them to be clouds, ofa greater or less degree of opaqueness, which are con- 
stantly floating in the solar atmosphere, and, by their occasional interposi- 
tion, prevent the observer from viewing the luminous surface of the sun. 
This theory, however, is incompatible with certain ,appearances (to be 
noticed presently) which indicate that the spots are depressions in the 
luminous surface of the sun. It is also defective, inasmuch as it does not 
explain the constant presence and well-defined outline of the penumbra, 
nor give any account of the existence of facule. Scheiner, after he was 
convinced that the spots could not be planets, adopted the opinion that 
they were the indications of tumultuous movements occasionally agitating 
the ocean of liquid fire of which he supposed the sun to be composed. La 
Hire imagined the sun to be a fluid mass, which contained within it nu- 
merous opaque bedies. Occasionally the latter approached the surface and 
gave rise to the appearance of spots. When floating on the surface they 
attracted all the particles of a similar nature around them ; and, conse- 
quently, when they disappeared the places that had been occupied by them 
were brighter than the other parts of the surface: hence originated the 


solar facule. ‘This explanation agrces with a remark of Cassini's, to the 
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It gives no’account, however, of the numerous facule which frequently are 
seen in the vicinity of a spot previous to-its disappearance. It is also 
manifestly defective in many other particulars. Derham was of opinion 
that the spots are volcanos in the sun, that the nucleus represents the 
smoke, and that the facule, which subsequently appear, are the glowing 
flames of the eruption. A fatal objection to this hypothesis is, that the 
appearance of the solar facule, for the most part, precedes the appearance 
of the spots. 

The theory of the solar spots, propounded by Dr. Wilson of Glasgow, is 
far more worthy of consideration than any that we have hitherto noticed. 
This ingenious astronomer maintained that the sun is an opaque mass 
surrounded by a lumirtous atmosphere, and that the spots are excavations 
in the luminous matter, by means of which the observer is enabled to see 
the dark body of the sun. The reasoning by which he established the 
important fact that the spots are depressions below the luminous surface 
of the sun is of a purely inductive character, and is founded upon obser? 
vations of the great solar spot which appeared in the year 1769. The ac- 
count he gives of these observations is exceedingly interesting*. He first. . 
perceived the spot on the 22nd November. It appeared beluw the equa- 
torial diameter, and was not far from the western limb. On the 28r. he 
observed it again, and found that a remarkable change had taken place. 
The penumbra, which on the previous day was equally broad on all sides of 
the nucleus, was now very much contracted on the side which lay towards 
the centre of the disk, while the other parts ‘retained nearly their former 
dimensions, On the 24th he again observed the spot. The distance from 
the limb was now only 24”, and the contracted side of the penumbra had 
entirely vanished. The breadth of the nucleus on the same side, also ap- 
peared to be more’ suddenly impaired than it ought to have been by the 
motion of the sun across the disk. Dr, Wilson demonstrated, by strict 
geometrical reasoning, that these are the appearances which would neces- 
sarily ensue on the supposition that the spot was a vast excavation, of 

“which the nucleus was the bottom, and the penumbra the sloping sides. 
If it really was an excavation, a similar succession of changes in a reverse 
order should take place when the spot reappeared on the eastern limb. 
This was, in fact, what occurred to the observation of Dr. Wilson. On the 
11th December the spot appeared on the opposite side of the disk. It 
was then distant about 1’ 30” from the eastern limb. The side of the 
penumbra, next to the limb which formerly vanished, was now wholly 
visible, while that turned towards the centre of the disk appeared to be 
wanting. On the 12th December it came into view, and he saw it dis- 
tinctly, although narrower than the other side. He did not see the spot 
again until the 17th December, when it had passed the centre of the disk, 
and the penumbra now appeared to surround the nucleus equally on all sides. 

The interesting facts first announced by Dr. Wilson on this occasion, 
have been fully established by the observations of Sir William Herschel 
and all subsequent astronomers who have directed their attention to the 
phenomena of the solar spots. The conclusion to which they unavoidably 
fead cannot be any other than that which suggested itself to Dr. Wilson, 
namely, that the spots are not on the same level with the rest of the solar 
surface, but are depressions below it, formed by the partial removal of the 
luminous matter which envelopes the dark body of the sun. This was an 


s * Phil. Trans., 1774. 
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important step in the progress of researches on the solar spots, and it re- 
commended itself more espegally to the attention of astronomers. inas- 
much as it was not due to any arbitrary assumptions, but was established 
by a rigorous process of inductive reasoning. With respect to the phy- 
sical cause which determines the generation of the spots, and the various 
phenomena connected with them, Wilson candidly acknowledged his. in- 
ability to advance an adequate explanation ; but he propounded his views 
on the subject in the form of queries, some of which are not unworthy of 
attention. In order to account for the formation of the spots, he suggests 
whether an elastic vapour might not be generated in the interior of the 
sun, which, by eseaping at the surface, would diffuse itself in all directions; 
and, forcing a passage through the luminous envelope, would expose to 
the eye of an observer the dark body of the sun. This hypothesis, he 
remarked, would satisfactorily explain the circumstance of the boundary 
between the nucleus and the penumbra being always distinctly visible and 
well defined. When the action of the vapour diminished in intensity, the 
luminous matter, in ‘obedience to the solar gravitation, would flow into the 
excavation, causing it to contract equally on all sides, and thereby giving 
rise to the appearance presented by the diminution of a spot. In order to 
agcount for the gradual process by which the changes of the spets ap- 
peared to be effected, Dr. Wilson supposed the luminous matter of the sun 
to possess rather the consistency of a thick fog than the mobility of a 
fluid or gaseous envelope. The penumbra indicated the sloping sides of - 
the excavation, which were supposed to be less bright than the rest of the 
surface, on account of a diminution of lustre experienced by the luminous 
matter when it diffused itself over them. With respect to the facule, 
Dr. Wilson imagined them to be, in all probability, merely phenomena 
of light and shade, arising from tumultuous movements in the luminous 
matter, which were occasioned by the intense action of the excavations. 
He adduced in support of this explanation, the remarkable fact, that the 
facule appear always in. the vicinity of spots, and are never observed in 
the polar regions of the sun. 

The foregoing speculations of Dr. Wilson, on the origin of the solar 
spots, are very ingenious ; but as they involve the assumption of a gaseous 
vapour, of whose existence we have no proof, they are inadmissible into 
the rank of physical truths deduced by legitimate reasoning from estas 
blished facts, and, therefore, cannot be recognised as really forming a part 
of astronomical science. But apart from the objection that the principle 
to which the phenomena of the spots are ascribed is not a vera causa, the 
hypothesis of Wilson, when submitted to close examination, will be found 
to afford a very inadequate explanation of these phenomena. One impor- 
tant defect we shall mention, and it will be unuecessary to point out 
more ; for unless a theory be capable of representing all the details of a 
phenomenon, it cannot be considered as a true embodiment of natural 
facts. Although the boundary between the nucleus and the penumbra is 
sufficiently well accounted for, the case is very different with respect to the 
exterior boundary of the latter. It is impossible to conceive how a homo- 
geneous vaporous substance, such as the luminous matter of the sun is 
assumed to be composed of, could experience so striking a change of 
lustre as observation indicates, Ly a mere change in the inclination of its 
surface to the visual ray. That the transition is abrupt and not gradual 
from the nucleus to the penumbra, and from the penumbra to the wholly 
luminous region around it. is e feature of the solar spots which has been 
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remarked by all astronomers who have observed these phenomena, from 
the period of their discovery down to the present day. ‘This want of 
graduation,” says Sir John Herschel, « this sharply-marked suddenness 
of transition, is altogether opposed to the conception of a susceptibility of 
indefinite and easy mixture, in the luminous, non-luminous, and semi- 
Juminous constituents of the solar envelope... .. There is no gradual 
melting of the one shade into the other—spot into penumbra—penumbra 
into full light. The idea conveyed is more that of a successive withdrawal 
of veils, the partial removal of definite films, than the melting away of a 
mist, or the mutual dilation of gaseous media.” * 

In adverting to the views of Dr. Wilson on the solar spots, it would be 
unjust to attach to them a degree of importance beyond what they really 
possessed in the author's own estimation. No philosopher could. appre- 
ciate more fully than he has done, the essential distinction that exists be- 
tween conclusions drawn from an examination of the real phenomena of 
nature, and all mere speculations in physical science, however ingenious or 
probable. In a paper on the same subject, which was subsequently com- 
municated by him to the Royal Society, and which was written principally 
with the view of combating certain objections urged by Lalande against his 
explanation of the spots being excavations in the luminous matter of the 
sun, we find incidentally thrown out the following series of conjectures 
respecting the origin of the spots :—* Whether their first production and 
subsequent numberless changes depend upon the eructation of elastic 
vapours from below, or upon eddies or whirlpools commencing at the surface, 
or upon the dissolving of the luminous matter in the solar atmosphere, as 
clouds are melted and again given out by our air; or, if the reader pleases, 
upon the annihilation and reproduction of parts of this resplendent cover- 
ing, is left for theory to guess at.”+ Some of these surmises, when at- 
tontively considered, will be found to be by no means destitute of probability. 

Allusion has been made to an objection urged by Lalande against 
Wilson's explanation of the solar spots. ‘The French astronomer, con- 
ceiving that the supposition of their being excavations, was incompatible 
with certain observations of Cassini and La Hire, came to the conclusion 
that they were rather protuberances existing on the solar surface}. In 
order to account for their formation, he supposed that the luminous fluid 
which covered the dark body*of the sun oceasionally subsided, laying bare 
the projecting eminences. “Che nuclei of the spots represented the latter, 
while the penumbra indicated the surrounding shallows. Without allud- 
ing to the numerous defects of this theory, a fatal objection to it is, that 
the penumbra shades insensibly into the luminous region around it. This 
conclusion, as we have repeatedly had occasion to remark, is totally at 
variance with observation. 

In 1776 Bode published a theory of the solar spots. He supposed*the 
sun to besurrounded by twoatmospheres. One of these was opaque, the other, 
which was the exterior atmosphere, was luminous. The appearance of a 
Spot was occasioned by a partial opening formed in the luminous atmo- 
sphere, which disclosed to the eye of an observer the dark substratum 
beneath. The luminous matter was wholly withdrawn only at the centre 
of the aperture, occasioning the appearance indicated by the nucleus of the 
spot. ‘Towards the sides it merely diminished in thickness, and in conse- 


* Results of Astronomical Observations at the Cape of Good Hope. 
+ Phil. Trans, 1783, p. 162. t Mem. Acad. des Sciences, 1776. 
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quence exhibited a fainter lustre, whence originated the penumbra. He 
supposed the facule to be vast undulations in the luminous atmosphere, 
in proof of which he remarked that they were most conspicuous towards 
the limbs of the sun, and ceased to be visible when they approached the 
centre of the disk. This explanation of the solar spots does not differ 
materially from that which had been already advanced by Wilson; nor 
does it remove any of the objections to which the latter is liable. E 
The next astronomer whose researches on the solar spots demand a brief 
notice is Sir William Herschel. hat illustrious individual devoted con- 
siderable attention to this subject, and has presented the result of his 
labours in two papers, which appear in the volumes of the Royal Society *. 
In these papers the author has given a detailed statement of a multitude 
of interesting facts derived from his observations of the solar spots, and 
has exhibited a complete view of these phenomena which is in the highest 
degree instructive. The conclusions to which he was conducted by his 
researches on this subject are entitled in some respects to be ranked with 
the many other great achievements of his genius. He demonstrated, by 
means of his admirable observations, that the spots are real depressions in 
the ‘surface of the sun, and that the facule are elevations above the 
nlinary level. He supposed, also, in common with several astronomers 
‘ho “preceded him, that the sun is an opaque mass surrounded by a 
luminous atmosphere, He maintained, however, that this atmosphere 
cannot be either gaseous or fluid; for on either of these suppositions, the 
luminous matter would flow with great velocity into the depressions, and 
‘would occasion an almost instantaneous disappearance of the spots, instead 
of a gradual diminution as observation indicated. He remarked, also, 
that the existence of faculw is incompatible with the mobility of a fluid or 
gaseous substance; for these luminous ridges sometimes continue to main- 
tain themselves for several drys at a considerable elevation above the 
ordinary level of the solar surface. In order to account for the various 
appearances of the spots, he supposed the sun to be surrounded by a tran- 
sparent atmosphere, in which are suspended two distinct strata of clouds 
at different elevations. The upper stratum is composed of self luminous 
clouds, which constitute the source of the solar light. The lower stratum 
is composed of opaque clouds, which shine only by the reflexion of the 
luminous regions above them. ‘They are denominated by Herschel the 
planetary clouds, on account of their supposed resemblance to the clouds 
of the terrestrial atmosphere. The solid nucleus of the sun is effectually 
protected from the intense light of the luminous regions by the inter- 
position of the planetary clouds. When corresponding apertures are 
formed in both strata of clouds, the dark body of the sun is perceptible 
through them, and gives rise to the appearance of a spot. If the apertures 
be of equal magnitude, the substratum will present an appearance of 
uniform blackness, and will therefore indicate a nucleus without a penum- 
bra. If the aperture in the upper stratum be wider than that in the 
lower, @ portion of the latter will be seen surrounding the dark body of 
the sun; but as it shines only by reflexion, it will exhibit a fainter lustre 
than the luminous regions, and therefore the appearance in this case will 
be that of a nucleus surrounded by a penumbra. If there be no‘aperture 
in the stratum of the planetary clouds, the appearance will manifestly be 
that of a penumbra without a nucleus. In order to account for the for- 
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mation of the spots, Herschel supposed a highly elastic gas to be 
generated in the solid body of thesun. This gaseous substance ascends in 
virtue of its inferior specific gravity relative to the solar atmosphere, 
forcing a passage through both strata of clouds, and exposing to the eye of 
an observer the dark body of the sun. When it reaches the luminous 
regions, it enters into combination with other gases, whence result decom- 
positions which give rise to facule, and cause the solar surface generally 
to assume a mottled appearance. 

It is scarcely necessary to state that any theory which involves the 
agency of a principle, of whose existence we have no positive proof, cannot 
be recognised as forming a part of the general body of science. The 
hypothesis of an elastic gas to whose energy the formation of the solar 
spots is mainly ascribed in the foregoing explanation, may or may not be 
true; butin the present state of our knowledge it can only be regarded as an 
arbitrary assumption, which possesses no stronger claims to our acceptance 
than many other similar hypotheses that might be adduced. 

Tt is necessary, therefore, to draw a broad line of distinction between the 
purely speculative views of Sir William Herschel on this subject, and the 
important conclusions to which he has been conducted by reasoning from 
established facts. Indeed, it is quite clear that the illustrious astronomer 
himself did not attach any value to his hypothesis of the generation of the 
spots, beyond what it possessed as a convenient medium of connecting to- 
gether the various results at which he had arrived in the course of his 
more rigorous researches *. The latter were pursued in the true-spirit of 
inductive investigation, and the results constitute a valuable contribution 
to our knowledge respecting the interesting subject to which they refer. 
The facts upon which he has established the existence of two distinct strata 
of clouds in the solar atmosphere were exhibited by him in a very clear 
light; and the reasoning by which he fortifies that couclusion appears to 
be quite unexceptionable. “This step had the effect of conducting him to 
an explanation of the penumbra of the solar spots—phenomena which all 
preceding astronomers had signally failed to render a satisfactory ac- 
count of. ; 

The geometrical relation of the nuclei of the solar spots with respect to 
the luminous surface, was first pointed out by Wilson. For a similar 
explanation of the penumbre, astronomy is indebted to Herschel. With 
respect to the facule, the just surmises of Wilson and Bode were 
fully established by Herschél, on facts derived from accurate observa- 
tion. A consistent view of the solar spots was thus obtained by a strict 
process of inductive reasoning. It still remained to render a legitimate 
account of the origin of these phenomena, by referring them to the 
operation of some really existing physical cause. Some interesting spe- 
culations designed to accomplish this object appear in Sir John Herschel’'s 
recent work, containing the results of his observations at the Cape of 
Good Hope. hat distinguished philosopher justly remarks that, what- 
ever be the cause of the spots, it is very evident that these phenomena 






* [0 confirmation of this remark, the following pass: may be cited from the TS 
of 1795 and 1801,“ They (the luminous clouds of the sun) plainly exist, because eee 
them ; the manner of their being gencrated may remain an hypothesis, and mine, till a 
better can be proposed, may stand good ; but whether it does or not, the consequences I 
am going to draw from what has been said, will not be affected by it."—Phil. Trans., 
1795, p. 61. “Tam, however, well prepared to distinguish between facts obserted, and 
the consequences that in reasoning upon them we may draw from them ; and it will be 
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have an intimate connexion with the rotation of the sun about his axis. 
The remarkable fact of their absence from the polar regions, and their 
confinement to two zones, extending to about 35° on each side of the 
equator, with an intermediate equatorial belt in which they are more 
rarely perceived, appears to him to afford an indubitable indication that 
they derive their existence from circulating movements in the atmospheric 
fluid which encompasses the sun, depending on the rotation of that body 
about its axis, bya relation similar to that which connects the system of 
terrestrial trade and anti-trade winds with the earth’s rotation. Now if 
any cause can be assigned which is capable of creating a circulation of the 
atmospheric fluid between the equator and the poles, the effect, of the 
sun’s rotation will be to modify the currents so produced—as the trade 
winds and monsoons on the surface of the earth are modified—and to dis- 
pose all the meteorological phenomena which accompany them as their 
visible manifestations into two zones parallel to the equator, with a calm 
equatorial zone interposed. The question then arises, where are we to 
discover the exciting cause of such circulations in the fluids of the solar 
atmosphere? With reference to this point, Sir J. Herschel remarks 
that the trade winds are occasioned by the unequal effects of the 
solar rays in heating the equatorial and polar regions of the ter- 
restrial atmosphere; but, as no such external cause exists in the 
present case, we are necessarily led to look for the source of circulation in 
the economy of the sun itself. " He then proceeds to state that if there can 
be assigned any physical difference in the constitutions of the equatorial 
and polar regions of the sun, which tends to repress the escape of heat in 
the one of these regions, and to favour it in the other, the effect will be the 
same as if these regions were unequally heated and all the phenomena of 
trade winds mutatis mutandis must arise. Before proceeding to a further 
exposition of his views, he takes this occasion to remark that the exist- 
ence of a solar atmosphere cannot admit of any doubt. He adduces 
in support of his assertion the deficiency of light exhibited by the border 
of the solar disk, whether when viewed through coloured glasses, or by 
Projecting its image on white paper. But a phenomenon which appears 
to him to establish still more conclusively the existence of such an atmo- 
sphere, is that which was witnessed during the total eclipse of the sun which 
occurred on the 8th of July, 1842*. On that occasion there appeared 
three rose-coloured protuberances of immense size projecting from the 
dark limb of the moon, which could not have been any other than clouds 
floating in, and sustained by, a transparent atmosphere enveloping the 
sun. ‘To what distance from the surface of that body this atmosphere 
may extend, it is diffieult to ascertain with precision; but, from the de- 
ficiency of light exhibited by the exterior part of the disk being gradual, 
and also perceptible at some distance within the margin, he is induced to 
Suppose that it must be considerable, not merely in absolute measure, but 
as an aliquot part of the sun’s radius. Admitting, then, the existence of 
such an atmosphere, the laws of equilibrium will cause it to assume the 
figure of an oblate spheroid, and the gaseous envelope so formed being 
thicker round the equator than at the poles, a different obstacle will be 
opposed to the escape of heat from the equatorial and the polar regions of 
the sun. The manifest-result will be, that an habitual difference of tem- 
perature will prevail in the two regions. 


* For interesting accounts of this eclipse, drawn up from versonal observation esa 
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“The spots, in this view of the subject,” says the illustrious astronomer 
referred to, “would come to be assimilated to those regions on the earth’s 
surface in which, for the moment, hurricanes and tornadoes prevail—the 
upper stratum being temporarily carried downwards, displacing by its im- 
petus the two strata of luminous matter beneath (which may be conceived as 
forming au habitually tranquil limit between the opposite upper and under 
currents), the upper, of course, to a greater extent than the lower, and 
thus wholly or partially denuding the opaque surface of the sun below. 
Such processes cannot be unaccompanied with vorticose motions, which, 
left to themselves, die away by degrees and dissipate, with this peculiarity, 
that their lower portions come to rest more speedily than their upper, by 
reason of the greater resistance below, as well as the remoteness from the 
point of action, which lies in a higher region, so that their centre (as seen 
in our water-spouts, which are nothing but smal] tornadoes) appears to 
retreat upwards, Now, this agrees perfectly well with what is observed 
during the obliteration of the solar spots, which appear as if filled in by 
the collapse of their sides, the penumbra closing in upon the spot and dis- 
appearing after it.”* 

The views contained in the foregoing passage’ are cminently worthy 
of attention. It is remarkuble that no preceding astronomer attempted to 
establish a connexion between the origin of the solar spots and the rotation 
of the sun on his axis, although the intimate relation which appeared to 
subsist between the situation of the spots and the solar equator, pointed out 
very unequivocally the mutual dependence of the two phenomena. Dr. 
Wilson, in a paper already cited, alludes to the invariable appearance of the 
spots in the regions near the solar equator, as a remarkable fact of which 
he was unable to offer any explanation}. It is curious, however, to find 
among a series of conjectures thrown out by him respecting the origin of 
these phenomena, an idea analogous to that propounded in the above passage }. 
His allusion to their possible generation by means of whirlpools in the 
solar atmosphere, commencing from the surface, in common with his other 
conjectures on the subject, shews that he possessed no inconsiderable 
share of the imaginative faculty which is so necessary in all physical specu- 
lations; but, whatever degree of truth may eventually turn out to be in- 
yolved in this surmise, he cannot be entitled to any credit on its account, 
since he was unable to discover any physical connexion between it and the 
subject of investigation. ‘Lhe explanation proposed by Sir John Herschel 
is valuable, inasmuch as it exhibits the solar spots in the character of dy- 
namical consequences flowing from the operation of established principles 
in physics. Tt is one of those conceptions of genius which, being formed by 
acomprehensive aud luminous view of the mutual relations of facts accurately 
observed, rather than suddenly suggested by the sallies of a lively but 
wayward imagination, is found not unfrequently to constitute the germ of 
a theory of indisputable rigour. The distinguishing character of all those 
speculations in science which have facts for their basis consists in their 
tendency to promote further research. By a comparison of their results 
with those deduced from actual observation, the fundamental principles 
are modified, and a further advance is made towards a true explanation of 
the phenomena which form the groundwork of inquiry. In the present 
instance, the question whether the spots recur periodically in the same 
precise localities of the solar regions, acquires additional interest from the 

* Results of Astronomical Observations at the Cape of Good Hope, p. 434. 
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hypothesis of their origin advanced in the foregoing passage, and suggests 
the expediency of a continued prosecution of attentive observations of the 
spots. By these means it is to be hoped that some light will be thrown 
upon the real nature of these mysterious but singularly interesting pheno- 
mena, which, in its turn, will lead to a more accurate knowledge of the 
physical constitution of the sun. 

We have mentioned that Sir William Herschel, in his theory of the 
solar spots, supposes the solid nucleus of the sun to be effectually 
screened from the luminous clouds of the superior regions by the interpo- 
sition of the planetary clouds which possess the property of reflecting the 
rays thatfall upon them. That the clouds of the lower regions shine only by 
reflection, he infers from their constantly exhibiting a faint and uniform 
colour; and that they form a continuous envelope round the nucleus of the 
sun, appears to him equally manifest from his being enabled, by means of 
his powerful telescopes, to discover them through the minute fissures by 
which every part of the luminous surface of the sun is intersected *. He 
considers, therefore, that, notwithstanding the circumstance of the lumi- 
nous atmosphere of the sun being the source from which light and heat 
are dispensed in all directions, the solid nucleus of that body may be con- 
stantly maintained at a moderate temperature. Proceeding upon this view 
of the physical constitution of the sun, he comes to the conclusion that the 
central body of the planetary system is eminently fitted to be the abode of 
animated beings, and that in fact it offers the example of a magnificent self- 
luminous planet. This opinion has been ably controverted by one of the 
most illustrious philosophers of the present age.—‘‘ It is indeed incon- 
ceivable,” says Sir David Brewster, ‘that luminous clouds, yielding to 
every impulse, and in a state of perpetual change, could be the depository 
of that devouring flame, and that insupportable blaze of light, which are 
emitted by the sun; and it is still more inconceivable that the feeble 
barrier of planetary clouds could shield the subjacent mass from the de- 
structive elements that raged above.” According to the opinion of the 
eminent authority just quoted, the heat and light of the sun derive their 
origin from two distinet sources. The luminous rays are emitted from the 
phosphorescent mantle which constitutes the exterior envelope of the sun, 
while the calorific rays proceed wholly from the opaque nucleus. Our 
limits will not allow us to notice the ingenious arguments which the author 
of this explanation adduces in its support}. Unfortunately our know- 
ledge of the nature of both heat and light is so obscure, that every attempt 
hitherto made to form an hypothesis respecting the physical constitution 
of the sun, appears to be beset with insuperable difficulties. 

It is remarkable that, at so recent a period as that of the discovery of 
the solar spots, astronomers were unacquainted with ary method’ by 
which the sun might be viewed without injury to the eyes. Appian, 
an astronomer of the fifteenth century, had indeed pointed out the utility 
of coloured glasses for this purpose, but the hint appears to have been 
entirely lost sight of by his successors. Fabricius observed the solar 
spots either by introducing the sun's rays through a small aperture into 
a dark room, and projecting his image on a piece of white paper, or by 
viewing him directly through thin clouds and vapours when he was near 
the horizon. He recommends all those who purpose making direct obser- 
vations of the spots to admit to the eye at first only a small portion of the 
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solar light, and to increase the quantity gradually, until the visual organ 
becomes so habituated to the effulgence of the light as to be capable of 
viewing with impunity the whole of the solar disk. Galileo was equally 
ignorant of any method of observing the sun cxcept that which consisted 
in taking advantage of his horizontal position when rising or setting. Tn 
a postscript added to his second letter to Welser, he alludes to an immense 
spot which appeared on the centre of the sun's disk, and which he, as 
well as many others to whom he shewed it, was enabled to perceive with 
the naked eye at sunset, on the 19th, 20th, and 21st of August, 1612+. 
Scheiner appears to have been the first observer who reduced into 
practice the method suggested by Appian. In a dissertation on the solar 
spots, which he published in 1612, he remarks that the sun may be 
viewed at any altitude by placing before the telescope a piece of glass, of 
agreen or azure colour. He adds that this is the method practised by the 
Dutch mariners, when they wish to determine the altitude of the sun. A 
decided improvement of this method was first indicated by Tarde, a 
Frenchman, who published a work on the solar spots in 1620. He states 
that when he observed the spots he placed a thick piece of blue or green 
glass between his eye and the eye-glass of the telescope. By placing the 
coloured glass in this position, the indistinctness of the image arising from 
impurities in the structure of the glass, or an imperfect parallelism of its 
surfaces, was in a great degree removed. 

The theory of the moon’s motion is a subject of so much importance, 
that the attention of astronomers is constantly directed to its improvement. 
We have already alluded to a method assigned by the theory of gravitation 
for determining the distance of the moon from the earth. By means of 
the formule of Laplace, Burchardt (assuming the moon's mass to be 7; 
of the earth’s) found that the constant part of the lunar parallax under the 
equator amounted to 57’. Damoiseau determined the moon’s mass to 
be +, the mass of the earth being represented by unity, and hence de- 
rived 57’ 0’ for the constant of parallax. Plana makes the mass 3), 
and hence computes the parallax under the equator to be 57’ 31, 

A more obvious method of ascertaining the horizontal parallax of the 
moon is founded upon a comparison of her apparent positions as deter- 
mined simultaneously at different places on the surface of the earth. One 
of the principal objects of Lacaille’s voyage to the Cape of Good Hope 
was to make observations of the moon for this purpose. By comparing 
his results with simultaneous observations made at different places in 
Enrope, and assuming the ellipticity of the earth to be z}5, he obtained 
57’ 13’1 for the constant part of the moon’s equatorial parallax. This 
is equivalent to a parallax of 57’ 4”-6, if the ellipticity be supposed equal 
to z45. Lalande, by comparing Lacaille's observations at the Cape of 
Good Hope with simultaneous observations made by himself at Berlin, 
fixed it at 57’ 9’°7, Biirg determined it to be 57’ 1” by a similar com- 
parison of Lacaille’s observations with corresponding observations made 
at Greenwich. Henderson, during his residence at the Cape of Good 
Hope in the years 1832 and 18358, determined a great number of decli- 
nations of the moon, with the view of arriving at a more accurate value of 
this element. By a comparison of his own observations with others, made 
simultaneously at Greenwich and Cambridge, he obtained 57’ 17-8 for the 
constant of the equatorial parallax}. This gives ;£, for the value of the 
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moon’s mass. Mr. Airy, by a discussion of the totality of the Greenwich 
observations, instituted subsequently to their recent reduction upon a uni- 
form plan, has determined the constant part of the equatorial parallax to 
be 57’ 47-04. ‘This value, considering the broad basis upon which it rests, 
is more entitled to confidence than any other which astronomers have 
hitherto arrived at. 

In consequence of her proximity to the earth, the physical consti- 
tution of the moon offers to astronomers a more favourable subject of re- 
search than that of any of the other celestial bodies. Galileo's discovery, 
that her surface is diversified with mountains and valleys, like the sur- 
face of the earth, was one of the many signal triumphs which that 
illustrious philosopher achieved in favour of the Copernican system of 
the world. He concluded, from his observations, that the mountains of 
the moon are much higher than those of the earth, when the relative 
magnitudes of the two bodies are taken into account. Many of them, 
according to his estimation, attain an elevation of four or five miles 
above the surrounding plains. Hevelius, Riccioli, and more recently 
Schroeter, were conducted by their respective observations to similar con- 
clusions. Sir William Herschel did not discover any grounds for ascrib- 
ing such an enormous height to the lunar mountains. He inferred, from 
his observations, that with a few exceptions they did not exceed half a 
mile in height. This conclusion is undoubtedly more consistent with 
anulogy than that which assigns a higher elevation. It must be admitted, 
however, that the recent researches of MM. Beer and Midler, on this 
subject, go to support the remarkable results of Schroeter and the more 
ancient observers. These astronomers have determined the heights of 
1098 lunar mountains, principally by means of micrometrical measures of 
the lengths of their shadows, and have found several of them to attain an 
elevation of fof miles above the neighbouring plains *. 

The numerous spots which appear on the surface of the moon when 
viewed with the telescope, besides being calculated to throw light on the 
physical constitution of that body, are of some utility in observations of 
eclipses, and on this account several astronomers have devoted conside- 
rable attention to a careful delineation of their relative positions. Charts 
of the telescopic appearance of the moon were first executed by Scheiner, 
but Langrenus, Cosmographer of the King of Spain, was the first person 
whose labours on this subject deserve notice. He constructed, and even 
actually engraved, thirty maps of different portions of the lunar surface, 
founded on observations made by himself with a large telescope, at Madrid 
and Brussels. It was he who introduced the practice of naming the dif- 
ferent spots after mathematicians, philosophers, and other eminent men. 
Hevelius about the same time devoted four years to assiduous observa- 
tions of the lunar spots and delineations of their various configurations. 
He rejected the nomenclature of Langrenus, and named the spots after 
continents, seas, islands, and other objects on the earth’s surface to which 
he conceived they bore a resemblance. Riccioli was the next astronomer 
who constructed charts of the lunar surfacc. He restored the principle of 
nomenclature adopted by Langrenus, but, instead of distinguishing the 


* The following are the elevations of a few of the principal lunar mountains, as deter- 
mined by MM. Beer and Madler:—Dértel, 23,174 feet; Newton, 22,141 feet; Cas- 
satus, 21102 feet; Curtias, 20,632 fect; Callippus, 18,946 fect; Tycho, 18,748 feet. 
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spots by the names of great men indiscriminately, he employed for this 
purpose only the names of eminent astronomers of ancient and modem 
times. In 1692 Cassini executed a chart of the full moon. The positions 
of the spots were determined by means of his own observations of eclipses. 
Delineations of the moon’s appearance have also been executed by Schroeter, 
Lohrmann, and other observers. The most recent work of this kind is the 
elaborate representation of the lunar surface by MM. Beer and Midler. 

The question whether the moon be surrounded by an atmosphere, has 
been much discussed by astronomers. Various phenomena are capable 
of indicating such an atmosphere, but, generally speaking, they are found 
to be unfavourable to its existence, or at all events they lead to the con- 
clusion that it must be very inconsiderable. From the uniform appear- 
ance presented by the lunar spots, when viewed from time to time with the 
telescope, it is reasonably supposed that they are not liable to be occasion- 
ally obscured by the interposition of dense clouds between them and the 
earth, like the different: portions of the carth’s surface ; and on this ground 
it has been maintained that the moon cannot be encompassed by a gaseous 
fluid, analogous in its properties to that which encompasses the earth. 
Hevelius indeed, who devoted many years to assiduous observations of 
the moon’s surface, has remarked that the spots sometimes appeared to be 
less bright and less regularly defined than they usually were, even when 
the air was so clear as to allow stars of the sixth and seventh magnitudes 
to be distinctly visible *. His assertion, however, has not been borne out 
by the more searching observations of succeeding astronomers, and there- 
fore it is not entitled to any weight in discussing so delicate a point as the 
existence of a lunar atmosphere. 

The occultations of stars by the moon have hitherto afforded only 
very slight indications of an elastic fluid enveloping the lunar sur- 
face. If such a fluid really exists, it manifestly follows®that, when the 
moon approaches within a very small distance of a star previous to oceult- 
ing it, the star ought to exhibit a sensible change of colour and diminu- 
tion of lustre, in consequence of the rays preceeding from it to the eye of 
the observer being partially absorbed in the course of their passage through 
the lunar atmosphere. Observation is, generally speaking, at variance 
with this conclusion, the star being found, in most cases, to retain its 
ordinary colour and brightness until it actually arrives at the moon's 
limb. There is not wanting high authority, however, in support of an 
occasional obscuration of the light of the star. On the 27th March, 
1811, M. Arago witnessed at the Royal Observatory of Paris, the occulta- 
tion of a small star in the constellation Taurus. ‘The star, as long 
as it continued to be visible, retained its usual colour, but it exhibited a 
very sensible diminution of brightness during a short time previous to its 
immersion. ‘Lhe occultation took place at the dark limb of the moon, which 
was only four days old. The dimness of the star could, therefore, hardly 
be ascribed to the overpowering glare of the moon's light. On a subse- 
quent occasion the same eminent astronomer perceived that the star 49 
Libre commenced to diminish in lustre three or four seconds previous to 
its immersion. Similar instances of obscuration have also been occasion- 
ally observed by other astronomers, but as the phenomenon is not gene- 
ral the existence of a lumar atmosphere cannot be considered to be 
established hy it. There is another phenomenon attending the occulta 
tions of slars, analogous to that already mentioned, which has been found 
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to afford similar indications of a lunar atmosphere without placing the 
question of its existence beyond all doubt. When the star comes up 
to the moon, it is observed frequently to hang on the margin of the 
disk for several seconds previous to its disappearance. An effect ana- 
logous to this would manifestly be produced by the interposition of the 
denser strata of the moon's atmosphere between the star and the observer. 
On the occasion of the first of the two observations of M. Arago, above 
cited, the star appeared to adhere to the moon’s limb for the space of three 
or four seconds after it was perceived to be in contact with it. This 
circumstance could not be ascribed to the effect of irradiation, since the 
occultation took place at the dark limb of the moon, which was visible by 
means of the lumitre cendrée, or reflected light of the earth. Numerous 
similar instances of the star's adherence to the Jimb of the moon have 
been recorded by astronomers, but, as in the case of a diminution of lustre, 
the phenomenon is not gencral. In the vast majority of occultations the 
star comes up to the limb of the moon, and then disappears instantaneously. 
Its occasional adberence to the limb cannot be admitted, therefore, to af- 
ford any conclusive proof in favour of a lunar atmosphere. There is a third 
circumstance connected with the phenomena of occultations which is cal- 
culated to throw light upon this interesting question. It is manifest that 
if the moon be surrounded by an atmosphere, the refractive power of the 
latter would cause a star to be visible during a short time subsequent to 
its immersion, and also during an equal lapse of time previous to its 
emergence. The interval, therefore, which elapses between the disappear- 
ance of the star at the moon's limb, and its subsequent re-appearance at 
the opposite limb, ought to be Jess than the time which the moon takes to 
describe an arc equal to her apparent diameter, by twice the horizontal re- 
fraction of the lunar atmosphere. When the interval, however, is calcu- 
lated by means of the thedry of the moon’s motion and her apparent dia- 
meter, corresponding to the time of occultation, the result is found to ex- 
hibit an exact accordance with that derived from direct observation. It 
follows, therefore, that if the moon really be surrounded by an atmosphere, 
its refractive power must be very inconsiderable. 

The occultation of a planet by the moon suggests a peculiar mode of 
testing the existence of a lunar atmosphere, in addition to those 
already alluded to, which are also applicable to the fixed stars. When 
the planet has so nearly approached the moon as to be almost in 
contact with her limb, the rays issuing from the margin of its disk will 
manifestly undergo different degrees of refraction in the course of their 
passage through the lunar atmosphere, and an apparent distortion of its 
figure will be the necessary consequence. Observation, however, does not 
afford any indications of such a phenomenon, In 1679 Cassini and La 
Hire witnessed an occultation of Jupiter by the moon, and they found that 
from the time of the planet’s approach to the limb until its complete dis- 
appearance it did not exhibit the slightest indication of a change of figure*. 
Similar phenomena have been observed by modern astronomers, but on no 
occasion has any distortion of the round appearance of the planet been 
distinctly discernible. 

The phenomena of solar eclipses have also been employed by astrono- 
mers for the purpose of establishing the existence of a lunar atmosphere. 
When the dark body of the moon is projected upon the luminous disk of 
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the sun, the rays of light proceeding from those parts of the sun which 
are: apparently contiguous to the lunar disk, will necessarily graze the 
moon's surface, and if a lunar atmosphere exists, they ought, by the in- 
flexion which they suffer in passing through it, to distort the visible por- 
tion of the solar disk, and to cause the phase of the eclipse corresponding 
to any assigned instant to be different from what it would be according to 
the theories of the solar and lunar motions. From observations of a solar 
eclipse which took place in 1748, Euler concluded that the horizontal re- 
fraction of the lunar atmosphere amounted to 20”*. His researches, 
however, were incomplete, inasmuch as he took no account of the effect of 
irradiation, which, by causing an apparent enlargement of the solar disk, 
might be expected to exercise @ perceptible influence on the phase of the 
eclipse. ‘The latier is, in fact, modified by two distinct causes, which are 
so interwoven in their operation, that it is impossible to investigate the ef- 
fects of the one without taking simultaneous cognizance of those of the 
other. In order to ascertain whether the phenomena of solar eclipses 
were capable of affording any indications of a lunar atmosphere, Du Se- 
jour, a French astronomer of the last century, undertook a rigorous inves- 
tigation of the subject, founded on observations of the solar eclipse of 
1764. He introduced the effects of irradiation and inflexion into his re- 
searches in the shape of two unknown quantities, and then, by means of 
equations of condition, which it was necessary that they should satisfy, he 
determined the values of them which accorded best with the totality of the 
observations, The conclusion at which he finally arrived was, that the 
effect of irradiation amounted to 3”, and that the inflexion which the solar 
rays suffered in passing through the lunar atmosphere amounted to an equal 
quantity. ‘This gives 1-5 for the mean horizontal refraction of the lunat 
atmosphere. The mean refraction of the terrestrial atmosphere at the 
horizon amounts to 34’, a quantity which is 1400 times greater than 1/5. 
It hence follows that the lunar atmosphere is 1400 times rarer than com- 
mon atmospheric air, and consequently it exceeds in this respect the most 
perfect vacuum which has been hitherto formed by means. of the air-pump. 
It appears, therefore, from the phenomena of solar eclipses, that, if a lunar 
atmosphere really exists, it is quite inconsiderable when compared with the 
terrestrial atmosphere. 

Auzout first remarked that the moon could not be surrounded by an 
atmosphere without possessing also a twilight}. ‘This effect ought to 
manifest itself in a faint light, extending to a short distance within the 
unenlightened part of the lunar disk, and thereby rendering a narrow strip 
of it visible, although not directly illuminated by the solar rays. Astro- 
nomers having failed to discover any indications of such a phenomenon, it 
was concluded, that the moon could not be encompassed by a fluid capable 
of dispersing and reflecting the sun's rays. The appearance, however, was 
at length recognised by Schroeter, who was enabled to deduce from it the 
existence of an atmosphere of a small refractive power. When the moon 
exhibited a very slender crescent, he discovered a faint crepuscular light, ex- 
tending from each of the cusps along the circumference of the unenlightened 
part of the disk. Its length was 1’ 20”, and its greatest breadth, 2”. By 
means of these data he found that the height of the lunar atmosphere, con- 
sidered in so far as it was capable of affecting the brightness of a star, or caus- 
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ing a sensible inflexion of the rays of light proceeding from a celestial body, 
did not exceed 5376 feet. An atmosphere of such a height would form’a 
zone round the circumference of the lunar disk, the apparent breadth of 
which would amount only-to 0-94”. #The moon would deseribe this arc in 
less than two seconds of time.’ This circumstance has been adduced by 
Schroeter as affording a sufficient explanation of the difficulty of detecting 
any traces of a lunar atmosphere in the phenomena of occultations and 
eclipses. : 

Tn consequence of the intense lustre of Mercury, and its constant vicinity 
to the sun, astronomers have experienced great difficulty in arriving at 
any reliable results respecting its physical constitution. According to 
Schroeter the planet is surrounded byan atmosphere of considerable density. 
The same astronomer concluded, from his observations, that there exist 
very high mountains on its surface. It would appear, from the results at 
which he arrived, that the mountains of this planet are much loftier than 
those of the Earth, or the Moon, the relative magnitudes of the several 
bodies being taken into account. He estimated the height of Chimborazo 
in South America at +7 of the Harth’s radius; the highest mountains 
of the Moon at z}5 of the lunar radius; and those of Mercury at ye of 
its radius. He also found, by careful observations of the phases of the 
planet, that it revolves about an axis inclined at a considerable angle to 
the ecliptic. He determined the period of rotation to be 24> 5™ 308, 

Since Mercury appears to have a rotatory motion, it might be reasonably 
supposed that her figure would not be that of an exact sphere. Schroeter, 
however, could not discover any trace of ellipticity in the appearance of 
the planet. ‘The observations of Sir William Herschel conducted him to 
a similar conclusion. That illustrious astronomer observed the transit of 
the planet which took place in November, 1803, but, although he devoted 
great attention to the appearance of the disk, he was unable to persuade 
himself that it exhibited even the slightest deviation from a circular form*. 
He therefore came to the conclusion that, unless the polar axis was turned 
towards the earth, the planet did not possess any sensible ellipticity. It 
appears, however, from recent micrometrical measures executed by the 
Rev. Mr. Dawes on the occasion of the transit of November, 1848, that 
the figure of the planet is really spheroidal to a small extent. The mean 
of several results, obtained by different methods of measurement, indicated 
an ellipticity equal to 545+. 

One ofthe most interesting of the various phenomena which disclosed 
themselves to the admiration of Galileo, when he first directed the tele. 
scope to the heavens, was the appearance presented by the planet Venus. 
When observed near her inferior conjunction she exhibited a slender 
crescent of light, like the moon when she is a few days old. As she re-” 
ceded from the position intervening between the sun and the earth, the 
phase continued to increase in magnitude until, upon approaching her 
superior conjunction, she acquired a round appearance, like the full moon. 
The conclusion was irresistible, that the planet was an opaque body, 
which owed its luminous appearance solely to its power of reflecting the 
solar rays which fell upon its surface. An important point of resemblance 
was thus established between it and the earth, which formed the ground 
of an argument of overwhelming force in favour of the Copernican system 
of the world. 
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As in the case of Mercury, the intense lustre of this beautiful planet 
has proved a serious obstacle to astronomers, in their attempts to arrive at 
some knowledge respecting its physical constitution. In the years 1666-7 
Cassini, while still residing under the clear sky of Italy, devoted his atten- 
tion to a searching examination of the planet, with the view of detecting pe- 
riodic changes in its appearance which might indicate a rotation on an axis. 
On the 21st April, 1667, he at length discovered a bright spot, which, 
when watched for some time, was found to return to the same position on 
the disk of the planet at successive intervals of about 23 hours. This would 
indicate a rotation of the planet agreeing very nearly with the diurnal mo- 
tion of the earth. Cassini, however, was unable to follow the spot through- 
out an extent of its course sufficiently large to enable him to ascertain 
positively whether its change of position arose merely from a libratory mo- 
tion of the planet, or from a complete rotation on an axis. Upon a subse- 
quent occasion, during his residence in France, he resumed the examination 
of the planet, with the view of perfecting his previous researches, but al- 
though he strove, with great perseverance, to detect the spot on its disk 
which was visible in Italy, all his efforts were fruitless. In 1726 Bianchini, 
the domestic prelate of the Pope, commenced an examination of Venus at 
Rome, with a powerful telescope constructed by the celebrated Campani, and 
soon suceceded in detecting several dark spots on the disk of the planet, the 
motion of which he continued for some time to watch with great attention, 
The conclusion he arrived at was somewhat anomalous. He announced 
that the changes in the positions of fhe spots could not be satisfactorily 
accounted for without supposing a period of rotation amounting to 24¢ 8", 
The researches of astronomers on the rotation of the planet formed the 
subject of a critical discussion by J. Cassini. He remarked that the con- 
tinuity of Bianchini’s observations was interrupted by the interposition 
of the Barbarini Palace, which every night concealed the planet from him 
for some time. Adopting a hypothesis founded on this chasm in the ob- 
servations, he shewed that if the period of rotation be supposed equal to 
23 20™, the observations of his father as well as those of Bianchini may 
be equally well satisfied ; but he remarked that if the period of 244 8" be 
admitted, his father's observations must be rejected as totally worthless *. 

The value assigned by Cassini to the period of the rotation of Venus has re- 
ceived a complete confirmation from the researches of modern astronomers. 
In 1789 Schroeter, having undertaken a careful examination of the planet 
with a seven-feet reflector, discovered a luminous point in the dark hemi- 
sphere, a little beyond the southern horn, indicating the existence of a 
high mountain. By continuing for some time to direct his attention to 
the periodic changes of this object, he was finally enabled to deduce from 
them the conclusion, that the planet performs a complete rotation on its 
axis in a period amounting to 23" 21" 19%, This result agrees with that 
recently arrived at by the late Sig. De Vico and his associates, of 
the Observatory of the Roman College. In 1839 they commenced 
a series of observations of Venus with a magnificent refractor by Cau- 
choix. In order more effectuaily to obviate the inconvenience arising 
from the intense lustre of the planet, the examination was conducted 
during the day time}. The ancient spots observed by Bianchini were 
speedily re-discovered, and were found to possess the precise forms assigned 

* filémons d’Astronomie, p. 526. 
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to them by that astronomer. The final conclusion was, that the planet 
performs a complete rotation on its axis, in a period agreeing almost ex- 
actly with that which Schroeter had deduced from his observations. 

The various astronomers who have determined the rotation of Venus 
agree in estimating the inclination of the equator to the plane of 
tho ecliptic at 75°. No trace of ellipticity has been discovered in the 
planet; nor will this appear surprising when the probable smallness 
of its amount is considered. If the equatorial axis exceeded the polar by 
only s4,th of its own length, as in the case of the earth, the difference 
of the two axes would subtend an angle of only a tenth of a second at the 
mean distance of the planet from the earth. It is obvious that the 
most delicate micrometrical measurements are incapable of establishing 
the existence of so small a quantity. That the ellipticity of the planet 
does not differ much from that of the earth, is probable from the circum- 
stance that both bodies are nearly of the same size, and are endued 
with nearly equal velocities of rotation. 

According to Schroeter there exist mountains of: immense height on the 
surface of Venus, The most considerable of these elevations amounts to 
;4y of the radius of the planet. Chimborazo, in South America, which 
was long supposed to be the highest mountain on the surface of the earth, 
attains an elevation equal only to ;5}q of the terrestrial radius. The 
same astronomer remarks that Venus, as well as Mercury and the Earth, 
have the highest mountains situate in their southern hemispheres. These 
results can only be admitted with a certain degree of reserve, when the 
extreme delicacy of the observations by means of which they are arrived at, 
is taken into account. Even the great Herschel was unable to deduce 
any trustworthy results of this nature from his observations of the planet. 
The remark of Schroeter, that the three planets nearest the sun have the 
highest mountains situate in their southern hemispheres, is at least no 
longer applicable to the earth, since the Himalayah range of mountains 
has been found to be the most elevated region on its surface. 

Various circumstances concur to prove that Venus is surrounded by 
an atmosphere of considerable density. During the transits of the 
planet over the sun’s disk in 1761 and 1769, the planet was observed, 
by several astronomers, to be surrounded by a faint ring of light similar 
to the appearance which would be occasioned by the passage of the solar 
rays through a circumambient fluid. This indication of the existence of 
an atmosphere is confirmed by the observations of Schroeter, who dis- 
covered what appeared to him to be a faint crepuscular light, extending 
beyond the cusps of the planet into the dark hemisphere *. From micro- 
metrical measures of the space over which this light was diffused, he con- 
cluded that the horizontal refraction at the surface of the planet amounts 
to 30’ 34”, a quantity agreeing very nearly with the horizontel refraction 
of the terrestrial atmosphere +. 

When the planet Mars is observed with a telescope of ordinary power, 
its surface appears to be diversified with spots of an irregular cha- 
racter, which have conducted astronomers to some interesting conclusions 
respecting its physical constitution. These appearances were first noticed 
by Fontana, a Neapolitan astronomer. In 1636 he observed a spot on 
the disk of the planet, which subsequently re-appeared in 1638. From 
the changes which it seemed to undergo, he suspected that the planet was 
s.. 1792. 
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endued with a rotation on an axis. Tooke is one of the first astronomers 
who arrived at this conclusion by reasoning of a strictly legitimate cha- 
racter, founded upon his own observations of the planet. On the 28th of 
March, 1666, he communicated a paper to the Royal Society, containing 
an account of observations of certain spots on the disk of the planet. He 
mentions that he had seen the spots in the month of February, 1666; 
but the earliest observation contained in his paper is dated the 3rd of the 
following month, Having found that the spots returned at regular inter- 
vals to the same position on the disk, he inferred that the planet accom- 
plishes @ rotation on an axis in a period amounting to 12 or 24 hours *. 
‘The contemporaneous observations of Cassini in Italy conducted that astro- 
nomer to a result of greater precision. He concluded, from the interval 
which elapsed between the return of the spots to the same position on the 
disk, that the planet performs a complete revolution round its axis in 242 
40™, This result received a satisfactory confirmation from the researches 
of the elder Maraldi. In 1704 that astronomer, having watehed the changes 
in the positions of the spots, inferred a period of rotation equal to 24 39m, 
In the autumn of 1719, there occurred a peculiarly favourable opportunity 
for verifying this conclusion. When the planet arrived in opposition on 
the 27th August of that year it was only 24° distant from the perihelion, 
and on account of its proximity to the earth it shone with such uncommon 
splendour that many persons supposed it to be a comet or a new star. On 
the 19th August, Maraldi, having examined the planet with a telescope 
34 feet long, perceived two obscure bands on the disk, forming with each 
other an obtuse angle, which exhibited a very conspicuous point }. On the 
25th September, he again observed the planet, and perceived the angular 
point in the same position on the disk. During the interval of 37 days, 
which had elapsed between the two observations, the planet had therefore 
completed 36 rotations on its axis. This gave 24" 40™ for the period of rota- 
tion, a result agreeing exactly with that arrived at by Cassini. In the 
years 1777 and 1779, Sir William Herschel carefully observed the changes 
in the appearance of the planet, and concluded from them that the period 
of rotation amounted to 24" 39™ 215671. He also found that the inclina- 
tion of the planet's equator to the ecliptic amounts to 28° 42’, and that its 
ascending node is situate in 19° 28’ of Sagittarius§. The recent researches 
of MM. Beer and Madler make the period of rotation to be 24" 37™ 88, 

Mars being endued with a rotation on a fixed axis, it is reasonable to 
conclude that the figure of the planet will be flattened at the poles. It 
was reserved for Sir William Herschel to establish this interesting fact 
upon the basis of observation. By micrometrical measurement he deter- 
mined the lengths of the equatorial and polar axes to be as 1355 to 1272, 
or as 16 to 15 nearly |. This indicates an ellipticity considerably greater 
than what appears necessary to counterbalance the centrifugal force of the 
equatorial parts of the planct, if its density be supposed homogeneous. 
The discordance, however, in this as well as in all similar instances, may 
be explained by an adequate supposition respecting the internal structure 
of the planet. 

The earlier observers of Mars had remarked the appearance of very bright 
spots at the poles of his equator. Maraldi, who devoted much aitention 
to these phenomena, suspected that they were the indications of physical 
changes occurring on the surface of the planet. In 1777-79, Sir WilHam 
Herschel examined the telescopic appearance of the planet with instru- 


* Phil. Trans.. No. 14 4 Mem. Acad. des Sciences, 1720. 
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ments far superior in power to any that had been hitherto used for a 
similar purpose, and with the scrupulous attention to accuracy which cha- 
racterized all the observations of that illustrious astronomer. He sup- 
posed the bright appearances around the poles to be the light reflected 
from masses of ice and snow accumulated in the polar regions; and he 
ascribed their occasional diminution to the dissolving influence of the 
solar rays, when they became exposed to them by the revolution of the 
planet in its orbit. ‘The changes actually exhibited by the spots afforded 
a striking confirmation of this view of their origin. Thus, in the year 
1781, the spot about the south pole was extremely large, but this might 
naturally have been expected, since the pole had been recently involved in 
perpetual darkness during the space of twelve months. Jn 1783 it had 
become considerably smaller, and it continued to decrease from the 20th 
May of that year till ahout the middle of September. During the last- 
mentioned interval, the south pole had already been above eight months 
enjoying the benefit of summer, and still continued to receive the sun- 
beams, though, towards the close of the period, in so oblique a direction as 
to derive but little benefit from them. On the other hand, in the year 
1781, the north polar spot which had been enjoying the sunshine for 
twelve months, and was but lately returning to darkness, appeared small, 
though increasing in size. Jt was indeed invisible in the year 1783, but 
this arose from the position of the axis of the planet, by which it was 
removed out of sight. The explanation of Sir William Herschel has been 
generally adopted by astronomers, as the most probable that can be offered 
respecting the interesting phenomena to which allusion has just been made. 
It is hardly necessary to remark that such an explanation implies the ex- 
istence of an atmosphere about the planet. 

If we consider the arrangement of the planetary system as it was known 
previous to the discovery of Uranus, it will readily occur, either from a com- 
parison of the numerical values of the mean distances of the planets, or 
from an inspection of their orbits when traced concentrically by a graphio 
process on a sheet of paper, that while the intervals between the succes- 
sive orbits increase continually outwards from the sun, a vacuity, dispro- 
portionately larger than any of the others, exists between the orbits of Mars 
and Jupiter. When Kepler, during the earlier period of his astronomical 
career, was endeavouring to discover a connexion between the mean 
distances of the planets from the sun, and their motions in their orbits, 
he encountered in this anomalous fact an insuperable obstacle to the 
success of his speculations. The most plausible hypothesis that his fertile 
imagination could suggest, appeared to require that the vacuity should be 
filled up by the interposition of another orbit. At length, having despaired 
of reconciling the actual state of the planetary system with any theory he 
could form respecting it, he hazarded the assertion that a planet really 
existed between the orbits of Mars and Jupiter, and that its smallness 
alone prevented it from being visible to astronomers. This bold surmise 
of the illustrious discoverer of the laws of the planetary movements, was 
generally regarded as not the least probable of those transient sallies of the 
imagination in which he delighted to indulge, and it was favourably alluded 
to by Lambert in his ‘Cosmological Letters,” published in 1769, In 1772, 
Bode published a treatise on astronomy in which he first announced the 
singular relation betwcoen the mean distances of the planets from the sun, 
which has since been distinguished by his name. This relation, to which 
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allusion has already been made in one of the foregoing chapters, exhibited 
in a very striking light the exaggerated leap from Mars to Jupiter, and 
suggested the strong probability of a planet revolving in the intermediate 
region. This conjecture was rendered still more plausible by the dis- 
covery of the planet Uranus, in 1781, the distance of which from the sun 
was found to conform exactly to the law of Bode. In Germany, especially, 
a strong impression had been produced that a planet really existed between 
Mars and Jupiter; and, through the active exertions of De Zach, an asso- 
ciation of twenty-four astronomers was formed, having for its object to 
effect the discovery of the unknown body. For this purpose the zodiac 
was divided into twenty-four zones, one of which was to be explored by 
each astronomer; and the conduct of the whole operation was placed under 
the superintendence of Schroeter: Soon after the formation of this society 
the planet was discovered, but not by any of those astronomers who were 
engaged expressly in searching for it. Piazzi, the celebrated Italian 
astronomer, while engaged in constructing his great catalogue of stars, 
was induced carefully to examine, soveral nights in succession, a part of the 
constellation Taurus, in which Wollaston, by mistake, had assigned the 
position of a star which did not really exist. On the lst January, 1801, 
Piazzi observed a small star, which, on the following evening, appeared to 
have changed its place. On the 3rd he repeated his observations, and he 
now felt assured that the star had a retrograde motion in the zodiac, The 
daily change of position in right ascension was 4’, and the change in decli- 
nation towards the north pole was 3’ 30”. On the 24th of January, 
he transmitted an account of his discovery to Oriani and Bode, communi. 
cating the positions of the star on the 8rd and 23rd of that month, and 
adding that its motion, from Being retrograde on the 11th, had become 
direct on the 18th of the same month. Piazzi continued to observe the 
star until the 11th of February, when he was seized with a dangerous 
illness which completely interrupted his labours. His letters to Oriani 
and Bode did not reach these astronomers until the latter end of March, 
but the planet had then approached too near the sun to admit of their ob- 
taining a verification of his discovery by actual observation, and it was 
necessary for this purpose to wait until the month of September, when the 
planet would have effectually extricated itself from the solar rays. Its re- 
discovery, after the lapse of so considerable a period subsequent to the 
most recent obscrvation, could not be expected to be accomplished without 
@ pretty accurate knowledge of the orbit in which it was moving; but the 
data communicated by Piazzi were insufficient for this purpose, ‘They 
merely served to indicate that the body revolved ina circular orbit between 
Mars and Jupiter, at a distance agreeing very nearly with that assigned 
by Bode's law, and so fur offered a satisfactory confirmation of the views 
of the German astronomers. Meanwhile Piazzi, fearing lest he should be 
deprived in any degree of the glory attached to the discovery of the planet, 
communicated to astronomers all the observations of it made by him down 
to the 11th February. Gauss found that they might be all satisfied 
within a few seconds, by an elliptic orbit, of which he calculated the ele- 
ments; and, with the view of aiding astronomers in searching for the 
planet, that illustrious geometer also computed an ephemeris of its motion 
for several months. After a careful examination of its geocentric path, 
the planet was finally discovered by De Zach on the 31st of December, 
and by Olbers on the following evening. A year had therefore elapsed 
between the original discovery of the planet by Piazzi and its enheaqnent 
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re-discovery by the German astronomers. Piazzi conferred on it the name 
of Ceres, in allusion to the titular goddess of Sicily, the island in which it 
was discovered; and the sickle has been appropriately chosen for its 
symbol of designation. 

The mean distance of Ceres, as determined by the calculations of Gauss, 
was 2:767. The distance assigned by Bode's law is 2:8. In this respect, 
therefore, the new member of the planetary system harmonized admirably 
with the other bodies of which it was composed. In other respects, 
however, it offered unexpected anomalies. Sir William Herschel found, by 
micrometrical measures of tho planet's apparent magnitude, that its dia- 
meter at the mean distance of the earth from the sun would subtend an 
angle of only 0-35. This result makes the linear diameter amount to 
only 161 miles. The newly-discovered body was, therefore, excessively 
minute, when compared with any of the older members of the planetary 
system. Its motion also exhibited peculiarities which in some degree as- 
similated it to bodies of a cometary nature. Its inclination to the ecliptic 
excededed 10°, and consequently it deviated from that plane to a much 
greater extent than any other planet. 

The interesting discovery of Piazzi was soon followed by another of a 
similar nature, Oibers, while engaged in searching for Ceres, had studied 
with minute attention the various configurations of all the small stars 
which are situate near the geocentric path of that planet. On the 28th of 
March, 1802, while examining the north-western part of the constellation 
Virgo, his attention was directed to a small unknown star of the 7th magni- 
tude. It was situated very near the place where he discovered Ceres, and 
it formed an equilateral triangle with two other small stars, whose positions 
were given in the catalogues of astronomeys. From the intimate knowledge 
he had acquired of the region in which the star appeared, he felt assured 
that he had not perceived it on any former occasion; and his first impression 
was, that in all probability it was a variable star which had attained its 
maximum state of brightness. After the lapse of two hours, however, he 
found that it had a proper motion, the right ascension having sensibly 
diminished during that interval, while, on the other hand, the declination 
had increased towards the north, The observations of the following even- 
ing established beyond all doubt his suspicion that the body was a planet; 
its right ascension having diminished to the extent of 10’, while the 
increase of declination was 20’, On the 28th of April, when a month 
only had elapsed since the discovery of the planet, Gauss assigned the 
elements of the elliptic orbit in which it was found to revolve, and the re- 
sults derived from them exhibited a most satisfactory accordance with 
observation. “The mean distance, as determined by Gauss, was 2°670. 
The planet, therefore, offered in this respect a remarkable analogy to 
Ceres, the mean distances of both planets agreeing within a small fraction. 
Like Ceres also, it was remarkable for the mmuteness of its volume, 
From Herschel’s estimate of its apparent magnitude, it followed that its 
lincar diameter did not amount to more than 1104 miles*. In the form 
and position of its orbit, it exhibited deviations from the older planets, 
much more considerable than those by which Ceres was distinguished. 
‘The eccentricity was found by Gauss to be 0-24764, and consequently was 
greater than that of Mercury, the most remarkable of all the older planets 
in this respect. But the most striking feature of the planet's motion, if © 
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we except the coincidence of its mean distance with that of Ceres, was the 
inclination of its orbit to the ecliptic, which amounted to the very consider- 
able angle of 34° 39’, In consequence of the various peculiarities of the 
two new bodies, Sir William Herschel proposed to denominate them aste- 
roids, instead of planets, and this appellation is frequently applied to them 
as well as to the other bodics whicM have since been discovered revolving 
in the same region. 

An examination of the relative magnitudes of the planetary orbits had 
suggested the existence of an unknown planet, revolving between the orbits 
of Mars and Jupiter. Instead of one planet, however, two were found, con- 
forming in this respect to the requirements of analogy. Considering this 
singular fact, in connexion with the extreme minuteness of the two bodies, 
and the other circumstances by which they were distinguished ‘from the 
more ancient planets, Olbers was led to suspect that they might possibly 
be the fragments of a larger planet, which had once been revolving in 
the same region, and at an anterior epoch had been shattered to pieces by 
the energy of some unknown cause. Pursuing this ingenious conception, 
he was led to conclude that there might be many more similar fragments 
which had not yet been discovered. He also inferred that the eccentricities 
and inclinations of their orbits might be very different, but that the mean 
distances would be nearly equal, and, as they all had a common origin, that 
their orbits would have two common points of intersection, situate in op- 
posite regions of the heavens, through which every fragment would neces- 
sarily pass in the course of each revolution, He proposed, therefore, to 
search carefully every month the north-western part of the constellation 
Virgo, and the westerngpart of the constellation of the Whale, being the two 
opposite regions in which the orbits of the two bodies already discovered 
were found to intersect each other. Meanwhile the discovery of a third 
planet tended in a strong degree to confirm the truth of his hypothesis, 
and to encourage him in his arduous undertaking. In consequence of the 
extreme smallness of Ceres and Pallas, they are liable to be confounded 
with the telescopic stars, which lie near their paths, and consequently 
when any time is allowed to elapse without their being observed, it be- 
comes a difficult matter to recognise them again. With the view of faci- 
litating this object, M. Harding, one of the astronomers attached to the 
Observatory of Lilienthal, had undertaken to construct a series of charts, 
whereon were laid down the positions of all the small stars which appear 
near the geocentric paths of the two planets. On the 2nd September, 
1804, while engaged in exploring the heavens for this purpose, he per- 
ceived a small star in the constellation Pisces, very near to that part 
of the constellation of the Whale, through which Otbers had asserted that 
the fragments of the shattered planet would be sure to pass. On.the 4th 
of September he repeated his observation, and found that the star had 
changed its place. ‘The observations of the succeeding evenings esta- 
blished, beyond all doubt, that the star was in reality a new planet. The 
elements of its orbit were calculated by Gauss, who found, as in the case 
of the other two planets recently discovered, that it revolved between the 
orbits of Mars and Jupiter. ‘The mean distance was 2-670, consequently 
it almost coincided with the mean distances of Ceres and Pallas. The 
eccentricity amounted to 0-2543, and therefore surpassed that of any other 
member of the planetary system. Harding conferred on the planet the 
appellation of Juno, with a sceptre surmounted by a star for the symbol 
et lnatervakines:. “Tchad Amano wack CMe. Fae oS ce: oa ve 
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smallness, Herschel was uriable to pronounce with certainty that its 
diameter exhibited any sensible magnitude, 

Stimulated by the discovery of Juno, which so remarkally supported his 
theory, Olbers continued, with unremitting assiduity, to explore the two 
opposite regions of the heavens, which appeared to him to offer the 

" strongest probability of detecting any additional fragments of the shattered 
planet. At length, after he had been engaged nearly three years in this 
laborious pursuit, his admirable perseverance was crowned with success. 
On the evening of the 2xth of March, 1807, as he was proceeding to re- 
examine the northern wing of the constellation Virgo, his attention was 
drawn all at once to a brilliant star of the sixth magnitude, which ap- 
peared a little to the west of the star marked 223 in Bode’s catalogue, 
From his intimate acquaintance with this part of the heavens, he felt per- 
suaded that the star had not appeared in it on any former occasion, and he 
concluded, without hesitation, that it was a planet. On the same evening 
he established this fact beyond all doubt, having ascertained, by means of 
two observations, that the motion of the body was retrograde. The ele- 
ments of the orbit were determined by Gauss, who executed the calcula- 
tions required for this purpose before more than ten hours had elapsed 
after he obtained possession of the observations. ‘The planet was found 
to revolve in the Same region with Ceres, Pallas, and Juno, its mean dis- 
tance being somewhat less than that of any of those bodies. Olbers dele- 
gated to Gauss the privilege of naxhing the planet. The illustrious geo- 
meter chose the appellation of Vesta, the symbol of designation being the 
altar on which burned the sacred fire in honour of the goddess. This 
planet is even smaller than any of the three othef& previously discovered 
in the same region. It is remarkeble for the brilliancy of its light. 
Schroeter states that he once saw it with the naked eye. 

The hypothesis of Olbers respecting the origin of the asteroids was ‘in 
many respect§ so plausible that geometers were induced to direct their at- 
tention to the subject. In the “ Connaissance des Temps" for 1814, La- 
grange has investigated the explosive foree which would be necessary to 
detach a fragment of matter from a planet revolving at a given distance 
from the sun, Applying his results to the earth, he found that if the 
velocity of the detached fragment exceeded that of a cannon ball in the 
proportion of 121 to 1, the fragment would become a comet with a direct 
motion ; but if the velocity rose in the proportion of 156 to 1, the motion 
of the comet would be retrograde. If the velocity was less than in either 
of these cases, the fragment would revolve as a planet in an elliptic orbit. 
For any other planet besides the earth, the velocity of explosion corre- 
sponding to the different cases would vary in the inverse ratio of the square 
root of the mean distance. It would, therefore, manifestly be less, as the 
planet was more distant from the sun. In the case of each of the four 
smaller planets, the velocity of explosion, indicated by their observed 
motion, would be less than 20 times the velocity of a cannon ball. 

Although a strong probability existed that many more bodies revolved 
between the orbits of Mars and Jupiter similar to those already discovered, 
aconsiderable period elapsed before the planetary system was enriched by 
any further accession from this source. ‘This circumstance arose, doubtless, 
from the immense labour attending the operation of searching for the 
bodies, and the want of good charts containing a representation of the re- 
lative positions of all the small stars situate in those regions where it 
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impetus was given to researches of this nature, by the resolution of the 
Berlin Academy of Sciences to procure the construction of a series of 
charts representing the relative positions of all the stars, down to the 
teuth order of magnitude, in a zone of the eelestial regions extending 15° on 
each side of the equator. All the charts connected with this great under- 
taking have not yet becn executed; but we have already had occasion to 
illustrate their great utility, in our account of the discovery of the planet 
Neptune. It was probably by reflecting on the advantage of such deli- 
neations of the celestial regions that M. Hencke, an amateur astronomer 
of Driessen, in Germany. was induced, about the year 1830, to commence 
a careful survey of those regions wherein it was most likely that any addi- 
tional planets would be found. During fifleen years he continued with 
unwearied assiduity to prosecute this object; tracing the relative positions 
of the small stars, and making himself acquainted with their various con- 
figurations. At length his unflinching perseverance met with its due reward. 
On the 8th of December, 1845; while engaged in examining a portion 
of the fourth hour of right ascension, his attention was directed to a small 
unknown star which appeared, between two others of about the samme size, 
with it. As he had acquired an intimate acquaintance with this part of 
the heavens, he felt confident that the star had not been previously visible 
in it. He therefore suspected that he had discovered a planet, and he 
wrote to M. Mncke, of the Observatory of Berlin, announcing the exist- 
ence of the unknown star, and communicating to him its position on the 
day before mentioned. On the evening of the 14th of December, the Berlin 
astronomers directed the magnificent refractor of the observatory to the 
part of the heavens in‘which M. Hencke had asserted he had seen the 
suspected planet, and presently they discovered a.star of the ninth magni- 
tude, which was not marked in the corresponding chart of the academy, 
executed by Professor Knorre. ‘The subsequent observations of the same 
evening shewed it to bea planet. It was then retrograding with a daily 
motion in right ascension, amounting to 14’ 21.2 of arc. On this occasion 
the elements of the orbit were rapidly determined, not by Gauss indivi- 
dually, as on previous oceasions of a similar kind, but by a host of young 
astronomers throughout Europe, who had become familiar with the methods 
of that illustrious master. ‘The results of their catculations shewed the 
body to be one of the family of asteroids. ‘The honour of naming it was 
delegated by the discoverer to M. Encke, who conferred on it the appella- 
tion of Astrea. 

The industry of M. Hencke was soon again rewarded by a similar 
discovery. On the Ist of July, 1847, while engaged in examining the 
seventeenth hour of right ascension, he perceived a smal) star of about 
the ninth order of magnitude, which was not marked in the corresponding 
map of the academy, constructed by Dr. Bremiker. On the 3rd he re- 
peated his observation, and found that during the intermediate period its 
right ascension had sensibly diminished, while its southern declination had 
increased. It proved to be another of the smaller planets. Gauss, who had 
been invited to choose its name, bestowed on it the appellation of Hebe. 

The year 1847 was not destined to come to a close before it was sig- 
nalized by two other discoveries of a similar nature. Mr. Hind, the 
Astronomer attached to the Observatory of Mr. Bishop, Regent’s Park, 
London, had been for some time engaged in revising the Berlin maps, 
of which the utility had now beeome so apparent. He had also under- 
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ascension, representing the relative positions of all the telescopic stars 
down to the tenth magnitude. On the 13th of August, 1847, while sur- 
veying the heavens in the prosecution of these labours, his attention was 
drawn to a star of the 8.9th magnitude, which was not marked in Hora xix. 
of the Berlin Maps constructed by Wolfer. He was especially surprised to 
find that, although the same region had been examined on the 22nd of June, 
and also on the 31st of July, nonote had been made in reference to the un- 
marked star. Even this circumstance, however, was not considered by him to 
afford conclusive proof in favour of a proper motion of the star, since it ap- 
peared to him not improbable that the previous invisibility of the star might 
arise from its light being variable, having met with a great many new 
stars of this nature in the course of his observations. The application of 
the micrometer, however, dispelled all doubts on this point. Before half 
an hour elapsed he was enabled to satisfy himself, by its change of position, 
that the star had a proper motion. Subsequent observations shewed that 
it was one of the ultra-zodiacal planets. At the suggestion of Mr, 
Bishop, the planet was named Iris. On the 18th of October of the same 
year, Mr, Hind discovered a star of the tenth megnitude, which was not 
marked in Hora v. of the Berlin Maps. Micrometrical measures of its 
position, made after the lapsé of about three hours and a half.from the 
time when he first observed it, established the existence of a proper 
motion. It proved to be another ‘planet of the same class with Iris. 
Sir John Herschel, having been invited to name the planet, conferred on 
it the appellation of Flora. ‘The discovery of the two planets Iris 
and Flora reflects equal credit on the assiduity of Mr. Hind, and on the 
enlightened zeal of the gentleman under whose auspices he has been 
prosecuting his observations. It is pleasing to reflect, that in recent times 
the British Isles have furnished a greater number of examples of the 
devotion of private resources to the cause of astronomical science than any 
other country. =, 

The planct Flora formed the eighth fragment of the hypothetic planet 
of Olbers which had been discovered since the commencement of the 
present century. Two more have subsequently been added to this 
number. One of them was discovered on the 25th of April, 1848, by 
Mr. Graham, of Mr. Cooper's Observatory, Markree, Ireland. It has 
received the name of Metis. This planet is remarkable for the near coin- 
cidence of its mean motion with that of Iris, the difference of their 
periodic times having been found by the most recent calculations to 
amount only to five days. The other planet was discovered at Naples, on 
the 16th of April, 1849, by M. De Gasparis. At the suggestion of Sig. 
Capocci it has been called Hygeia. ‘This makes ten fragments of the 
shattered planet which have been already recovered. When it is con- 
sidered that, gince the discovery of six ‘of these fragments, an equal 
number of years has not yet come to a close, it may reasonably be pre- 
sumed that a long period is not destined to elapse before many more 
similar discoveries will be made. ‘ 

When Jupiter is observed with a telescope of considerable power, 
there appear several obscure belts encompassing his body. ‘These 
belts have been found to vary in number, magnitude, and mutual 
distance ; but for the most part three only are observed, extending 
in parallel directions across the centre of the disk. These pheno- 
mena escaped the observations of Galileo, his telescopes not being 

se idee 
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sufficiently powerful to exhibit them. According to Riccioli, they were 
first observed by Zucchi, an Italian Jesuit *. On the 17th of May, 1630, 
that individual perceived two belts on the disk of the planet. In 1633, 
Fontana perceived three belts. Im 1648, Grimaldi was unable to perceive 
more than two. Ife was the first person who remarked that the direction 
of the belts is parallel to the plane of Jupiter's orbit. In addition to the 
belts which surround the body of the planet, the rest of the surface 
appears diversified with dusky spots of an irregular character. These 
maculg are generally of transient duration, but some which appear in the 
vicinity of the belts are of a more permanent nature than the others; and 
astronomers, by watching from time to time their position on the disk, 
have been enabled to establish the interesting fact that the planet revolves 
round a fixed axis. It is worthy of remark, that the illustrious Kepler, 
previous to the invention of the telescope, had surmised that Jupiter 
revolves on an axis, and from a consideration of the rapid motion of the 
satellites of the planet round their primary, compared with the slower 
motion of the moon round the carth, he inferred that the period of 
rotation is less than twenty-four hours. This sagacious conjecture has 
received a remarkable confirmation from the researches of subsequent 
astronomers. Hooke appears to have been the first person who was led. 
by observation to suspect that Jupiter revolves on an axis. In the month 
of May, 1664, he discovered a small spot on the largest of the three 
belts. In the course of two hours, he found that it had moved from east 
to west about half the length of the diameter of the planet}. With that 
fickleness of purpose which characterized his conduct throughout life, he 
appears to have abandoned all further observations of the planet, leaving 
to others in this as in almost all similar instances, the glory of sub- 
stantiating the interesting fact which, by his superior acuteness, he was 
enabled first to foreshadow. It was reserved for Cassini to prove, beyond 
all doubt, that Jupiter revolves on an axis, and to assign with considerable 
precision the period of rotation. In the month of July, 1665, he observed 
the planet with a telescope constructed by Campani, the object-glass of 
which had a focal length of thirty-five French feet. He discovered a 
great number of spots on the disk, some of which were brighter than the 
rest of the surface, resembling in this respect the solar facule. They 
all appeared to have a motion on the disk from east to west, but in every 
instance they exhibited such rapid variations of form and magnitude, that 
no certain result could be deduced from them. At length he discovered 
a permanent spot situated close to the northern border of the most 
southern of the three belts, which he continued to observe for several 
months. It appeared largest on the centre of the disk, from which it 
gradually diminished until, before reaching the margin, it became invisible, 
Its motion also was swifter on the centre of the disk then towards the 
circumference. From these facts Cassini concluded that the spot adhered 
to the surface of the planet, and that the latter consequently revolves on 
an axis. With respect to the time in which it effected a complete 


* Almag. Nov. tome i., p. 486. Dr. Moll, of Utrecht, in his interesting account of 
the invention of the telescope, published in the first volume of the Joumal of the Royal 
Institution, ascribes the discovery of Jupiter's belts to Toricelli, the pupil of Galileo. 

+ Phil. Trans. No. 1. This communication, consisting of eight lines, is the second which 
appears in the famous collection of the Transactions of the Royal Society. 
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rotation, he found that the belts generally presented a very altered 
apperrance after the lapse of five hours. It followed, therefore, that the 
time of rotation was somewhere about ten hours. In order to arrive at 
a result of greater precision, he watched the motion of the spot which 
appeared near the southern belt, and he found that it retummed to the 
same position on the disk exactly in 124 Qh 4m, During this lapse of 
time it had effected twenty-nine complete rotations, consequently the 
period of a single rotation was 4» 56™. Cassini attempted on subsequent 
occasions to determine the time of rotation, but the results obtained by 
him did not exhibit so exact an accordance with each other as was 
desirable. It appeared, from this circumstance, impossible to withhold 
the conclusion that the spots, besides participating in'the rotatory motion 
of the planet, had also a proper motion on his surface, ‘The accurate 
observations of Sir William Herschel lead to a similar conclusion. That 
illustrious astronomer carefully watched the spots of the planet in the 
years 1778-71, but the various results at which he arrived relative to the 
time of rotation fluctuated between 9> 55m 408 and 9» 50™ 485: the 
discordance, therefore, amounted, in some instances, to 4™ 52s, a quantity 
too great by far to be ascribable wholly to errors of observation *. 
Schroeter experienced similar anomalies, in the course of his attempt to 
determine the rotation of the planet. He concluded, from his observations, 
that the most probable value of the period of rotation is 94 55™ 338.6. In 
the years 1834-5, Mr. Airy made observations on the planet, at Cambridge, 
for the purpose of determining the time of rotation. He perceived a dark 
spot below the apparent lower belt, which seemed to him to he well adapted 
for establishing this point. His observations comprehended 225 rotations, 
commencing December 16, 1834, and terminating March 19,1835. The 
period of rotation was found by means of them to be 9" 55™ 21834 Mr, 
Airy considers that the probable error of this result does not exceed 
four seconds. , 

Since Jupiter revolves round an axis, it might be expected that his 
figure would be flattened at the poles; and further, it might be-inferred, 
from his immense magnitude anc the rapidity of his rotation, that the 
flattening wuld exceed that of the terrestrial spheroid. The results of 
observation have been found to accord with both these conclusions. In 
1691 Cassini remarked that Jupiter appeared to him to have an oval 
shape. ‘I'he greater diameter extended east and west, and it seemed to him 
to exceed the diameter at right angles to it by about a fifteenth part {. 
The remark of that illustrious astronomer was soon confirmed by the 
observations of La Hire, Toemer, and Picard. The first determination 
of the ellipticity of the planet by careful measurement is due to Pound, 
whose results assign to it a mean value equal to ;54,5§. Inthe present day 
M. Struve has found, by means of micrometrical measurements made with 
Fraunhofer’s great refractor, that the apparent magnitude of the equa- 
torial diameter, as seen from the sun, at the mean distance 5.20279, is 
equal to 88”.327, and that the apparent magnitude of the polar diameter, 
at the same distance, is equal to 357.538 !. These results give >!-; for 
the ellipticity of the planet. We have scen that Laplace found from 
theory, that if the equatorial axis of the planet be represented by unity, 








e 
* Phil. Trans,. 1781, + Mem. Ast. Soc., vol. ix., p. 5. 
$ Anc. Mé ad. des Sciences, tome ii., p. 130. 
§ Principia, i prep. 19. Tt Mem. Ast Sane xnl Gio on ant 
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the polar axis will be equal to 0.9286. In the present case, by adopting 
the same unit of length, the polar axis will be found to be equal to 0.9272. 
A moro striking instance of agreement between theory and observation 
could not be adduced from the whole body of physical science. 

The great distance of Jupiter prevents the discovery of any phenomena 
analogous to those which bave rendered the existence of an atmosphere 
about Venus so probable; nor do the polar regions of the planet exhibit 
any changes of appearance resembling those which have conducted astro- 
nomers to a similar conclusion with respect te Mars. In the absence of 
these favourable circumstances, the rapid rotation of the planet comes to 
the aid of the astronomer; for it can hardly admit of doubt, that the in- 
tense centrifugal force arising from this cause is intimately connected with 
the formation of those remarkable bands which encompass the equatorial 
regions of the planet, in directions parallel to each other and to the plane 
of rotation. Although, generally, there appear only three obscure belts 
on the disk of the planet, sometimes a greater variety is perceptible. In 
1664, Campani perceived four dark belts and two white ones. In 1691, 
Cassini saw eight obscure belts on the disk of the planet, situate very close 
to each other *. Sometimes only one belt is wisible, and this is always 
the principal belt, which is situate on the northern side of the planet's 
equator. On the other hand, the whole surface of the planet has occa- 
sionally been seen covered with belts. On the 18th of January, 1790, Sir 
William Herschel, having observed the planet with his 40-feet reflector, 
perceived two very dark belts, divided by an equatorial zone of a yellowish 
colour, and on each side of them were dark and bright belts alternating, 
and continued almost t@the poles+. A similar appearance was also once 
observed by Messier }. These phenomena sometimes undergo very rapid 
transformations, affording thereby a strong proof that they owe their 
origin to the fluctuating movements of an elastic fluid enveloping the body 
of the planet. On the 13th of December, 1690, Cassini perceived five belts 
on the planet, two in the northern hemisphere, and three in the southern. 
An hour afterwards there appeared only the two belts nearest the centre, 
and a feeble trace of the remaining northern belt$. The same astronomer 
frequently witnessed the formation of new belts on the planet in the 
course of one or two hours ||. 

The dark spots on the disk of the planet also afford unequivocal indica- 
tions of the existence of an atmosphere, for it is impossible to reconcile their 
variable velocities with the supposition of their being permanent spots 
adhering to the surface of the planet. Cassini found, from his observa- 
tions, that the spots near the equator of the planet revolved with a greater 
velocity than those more distant from it. ‘This fact has been confirmed 
by the more recent observations of Schroeter. Sir William Herschel 
found that the velocity of a spot sometimes underwent a very sensible 
change in the course of a few days. He supposes the spots to be large 
congeries of clouds suspended in the atmosphere of the planet, and he 
ascribes their movements to the prevalence of winds on its surface, which 
blow periodically in the same direction **. From the circumstance that 


* Mém. Acad. des Sciences, tome x., p. 6 Elémens d’Astronomie, p. 406. 
+ Phil. Trans., 1794, p. 30. e 

+ Delambre, Astronomie Théorique et Pratique, tome iii., p. 77. 

§ Eilémens d’Astronomie, p. 405. 

j| Anc. Mém. Acad. des Sciences, tome ii., p. 105. q Ibid., p. 130. 
** Phil. Trans., 1781, p. 118. 
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the spots generally assign to the planet a period of rotation less than that 
which appears to be ifs most probable value, it may be inferred that the 
wind constantly blows im the same direction as that in which the planet 
revolves upon its axis. Herschel found that a spot, after its first appear- 

" ance, continued to complete its successive rotations in less and less inter- 
vals of time, affording thereby a clear indication that its proper motion 
was constantly increasing. This circumstance, he remarks, may naturally 
be explained by supposing that a considerable time necessarily elapses 
before the spot can acquire the full velocity of the wind by which it is im- 
pelled. It is evident, from the amount of discordance exhibited by a com- 
parison.of the different periods of rotation derived from the movements of 
the spots, that the currents in the atmosphere of the planet must possess 
-very considerable velocities. Sir William Herschel found, from his observa- 
tions, that the spots, on one occasion, must have been transported through 
60° in twenty-two rotations of the planet. This would indicate that the 
wind on the surface of the planet was travelling at the rate of somewhat 
more than 200 miles in an hour, a velocity which, however, does not ex- 
ceed that of occasional winds on the surface of the earth. The nearest 
approach to the velocity of the wind will of course be indicated by the 
smallest period of rotation. In 1692, Cassini observed a spot near the 
equator of the planet, which performed a complete rotation in 9" 50™*, 
Assuming (which is certain to be true) that the period of the planet's real 
rotation lies between 9° 55™ and 9556" 4, this would indicate that the cur- 
rent in the atmosphere of the planet was travelling at the rate of about 
250 miles in an hour. In general the spots complete their rotations in 
periods varying between 9% 50™ and 9 56", whence it may be concluded 
that the currents in the atmosphere do not possess a velocity exceeding 
the hundredth part of the rotatory motion of the planet. 

Although the spots on Jupiter, by their transient existence and variable 
motion, generally indicate that they are of atmospheric origin, there are 
some of # more permanent character, whose frequent re-appearance in the 
game position can only be explained by supposing them to adhere to the 
surface of the planet. The most remarkable of these is the spot situate 
close to the northern margin of the southern belt, by watching the appa- 
rent motion of which Cassini originally succeeded in determining the 
period of the planet's rotation. From its first discovery in 1665 down to 
1718, it vanished and re-appeared no less than nine times. When the 
southern belt disappeared, the spot disappeared also, but the belt was fre- 
quently perceived without the spot. On no occasion did the spot continue 


* Mém. Aéad. des Sciences, tome x., p. 8. Elémens d’Astronomie, p, 406. 

+ Itappears, from the researches of Cassini, Schroeter, and Airy, that the period of rota- 
tion is included between 95 56” and 9* 55'°. Independently of the results arrived at by the 
two last-mentioned astronomers, it is evident, from observations of the permanent spot 
originally discovered by Cassini, on the occasions of its successive re-appearances between 
1665 and 173, ttt the period of rotation is somewhat less than 9" 56™, In 1672, Cassini, 
by means of it, made the period of rotation 9" 55" 50°. In 1708, Maraldi deduced from 
ita period equal to 94 56" 48°, and from observations of it in 1713 he made the period 
equal to 98 56". On the last-mentioned occasion he compared Cassini’s original observa- 
tions of the spot in 1465 with his own observations in 1713. Assuming the period of 
rotation to be 94 56™, he found that in 1718 the actual position of the spot was about 36° 
in advance of the computed position. This would afford a valuable means of determining 
the period of rotation, if we could be assured of the precise number of complete rotations 
embraced between the o’servations of 1665 and 1713; but this is an uncertain datum, 
on account of the magnitude of the probable error of the element to be determined. 
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visible so long as three years*. Its disappearance is manifestly dependent 
on the same cause which determines the invisibility of the belt. Cassini 
supposed the belts to indicate currents in the seas of the planets, ana- 
logous to those which occur in different regions of the earth+; but this 
hypothesis affords no explanation of the dingy colour which the belts 
usually exhibit. A more probable hypothesis of their reat nature has 
been suggested by Sir William Herschel, who considers the light of 
the bright regions of the planet to arise from dense accumulations of 
vapours suspended in its atmosphere, while the dark belts, on the other 
hand, indicate the opaque surface of the planet, which possesses an inferior 
power of reflecting the solar light, and admits of being seen through those 
regions of the atmosphere that are comparatively free of clouds?. ‘This 
hypothesis affords a natural explanation of the simultaneous disappear- 
ance of the southern belt and the spot adjacent to it, for the vapours . 
which close in upon each side of the belt and cover the surface of the 
planet must necessarily submerge the spot at the same time, and thereby 
render it invisible also. 

In a former part of this work, we have given a detailed account of the 
researches of astronomers on the motions of Jupiter's satellites. It is 
remarkable that, down to the middle of the seventeenth century, there 
were persons who refused to believe that these bodies actually circulated 
round the planet. -l™m 1665 Cassini announced his discovery of two 
phenomena which furnished incontestable proofs that the satellites con- 
formed in this respect to the analogy offered by the motion of the ter- 
restrial satellite. By means of the powerful glasses of Campani, he 
succeeded in perceiving the satellites when, in the course of their orbitual 
motion, they were interposed between the planet and the earth. On such 
occasions, they exhibited the appearance of small spots on the disk of the 
planet ; but he shewed that, from their motion near the margin being 
the same as on the centre, and from their apparent magnitudes being 
constant during the time they were visible, they could not be attached to 
the surface of the planet. He also discovered the shadows which the 
satellites projected upon the body of the planet while in the act of passing 
between it and the sun. In order to convince the most sceptical of the 
real nature of these appearances, he announced, beforehand, the days and 
the hours in the months of August and September of the year above-men- 
tioned, when the bodies of the satellites and also their dark shadows would 
be seen upon the disk of the planet’. These predictions having been 
verified by observation, no doubt could henceforth exist in any mind that 
the satellites revolve round the planet in the same manner as the moon 
revolves round the earth. : 

In 1707, Maraldi I. discovered that the fourth satellite, on the occasion 
of passing between the planet and the earth, sometimes appeared brighter 
than the planet, while at other times it resembled a black spot upon the 
disk. He further discovered that in the latter case the magnitude of 
the satellite was frequently less than that of its shadow, which was at the 
same time visible on the disk, although, according to the laws of optics, it 





* For a curious account of the circumstances attending the sue@ssive re-appearances of 
this ep see—Anc. Mém. Acad. des Sci , tome ii., p. 105, tome x., pp. 1, 513; Mém. 
Acad. des Sciences, 1708, 1713; also Cassini’s Elémens d’ Astronomie, p. 405, et seq. 

+ Anc, Mém. Acad, des Sciences, tome ii., p- 106. 
f Phil. Trans. 1793, p. 218, 
§ Journal des Savans, February 21, 1666 ; see also Phil. Trans., No. 10, p. 171. 
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ought to have been greater. A similar appearance was witnessed by him 
in 1718. The conclusion he drew from it was, that there are dark tracts 
of great extent on the surface of the satellite, which are incapable of re- 
flecting the light of the sun. It may be remarked that the question with re- 
spect to the real nature of these spots admitted of two distinct explanations. 
If the satellite was supposed to perform a complete rotation on an axis, in 
the precise time which it took to revolve round the planet, it would inva~ 
riably turn the same hemisphere to the observer on the occasion of each 
transit; and if the spots adhered to the surface, it ought always to exhibit 
the same appearance on the disk of the planet. The variation of bright- 
ness, on this hypothesis, indicated that the spots were not of a permanent 
nature, but were merely transient phenomena, arising probably from 
physical changes occurring on the surface of the satellite. On the other 
hand, if the motions of rotation and revolution were not equal, the satel- 
lite might turn a different hemisphere to the observer on the occasion of 
each transit, and the variations in its appearance might be accounted for by 
supposing that there existed permanent tracts of great extent on its surface 
which reflected only a small portion of the solar light which fell upon 
them. Sir William Herschel has shewn, from his observations, that the 
periods of rotation and revolution of the satellite are equal, whence it 
follows that the spots cannot be permanently attached to its surface. They 
must, therefore, arise from changes occasionally occurring either on the 
surfuce of the satellite or in its atmosphere. The other satellites have 
been found to exbibit appearances similar to those of the fourth *, and as, 
in tho case of each of them also, the periods of rotation and revolution are 
equal, a similar conclusion is equally applicable to them. The interesting 
fact, that each of the four satellites performs a complete rotation on its axis 
in a period equal to that of its revolution round the planet, was deduced by 
Sir William Herschel, from a comparison of the relative quantities of light 
emitted by the satellites in different parts of their orbits. He discovered 
that all the satellites were subject to great variations of brightness in the 
course of their revolutions round the planet, but, having carefully watched 
the appearance of each satellite throughout a great number of revolutions, 
he invariably found that when it arrived in the same position of its orbit it 
exhibited the same degree of brightness}. The obvious conclusion was, that 
the rotatory motion of each satellite was equal to its orbitual motion round 
the planet. This curious fact had been already established in the case of 
the moon and the fifth satellite of Saturn, and there is good reason to sup- 
pose that it forms an essential characteristic of the movements of all 
the secondary bodies of the planetary system. 

The determination of the magnitudes of the satellites has formed an 
interesting object of research to astronomers, but it is attended with 
great difficulty, in consequence of the extreme minuteness of the bodies, 


* Maraldi found that the third satellite, on the occasions ofits transit across the disk of 
the planet, exhibited variations similar to those which he remarked in the fourth satellite 
(Mém. Acad. des Sciences, 1707, p. 193). According to that astronomer, Cassini had 
previously noticed similar variations in all the satellites. The observations of Cassini 
ant! Maraldi were confirmed soon afterwards by those of Pound (Pail. Trans., 1719, p. 
902). Bianchini was the first person who discovered that the satetlites are subject to great 
variations of brightness in other parts of their orbits, as well as in conjunction. He 
remarked that the fourth satellite sometimes became so small as to be almost invisible 
(Mém. Acad des Sciences, 1714, p.32). 

+ Phil. Trans., 1797, Part IL, p. 332, et seq. 
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and their immense distances from the earth, It is only when viewed with 
the exquisite telescopes of the present day that they have finally exhibited 
real disks of appreciable magnitude, and consequently it was impossible 
on any previous occasion to ascertain their apparent diameters by direct 
measurement. In 1734, Maraldi II. attempted to determine their mag- 
nitudes by noting the times which they occupied in entering upon the disk 
of the planet. In this manner, he found that the linear diameter of the 
third satellite amounted to x'y of that of Jupiter, and the diameters of the 
other three satellites to about 51, of the same unit*. Now Jupiter, at his 
mean distance from the sun, appears under an angle equal to 36”.7, 
Hence, according to Maraldi, the apparent diameters of the satellites, 
when viewed at the same distance, would be 2” for the third satellite, and 
1”.8 for the three others. These results considerably exceed the true 
magnitudes of the angles as determined by micrometrical measurement. 
In 1738, Whiston gave a statement of the magnitudes of the satellites, 
but he does not mention upon what grounds it is founded. He estimated 
the third satellite to be equal in size to the Earth or Venus; the first to 
be equal to Mars; the second to be somewhat larger than Mercury; and 
the fourth only a little larger than the Moont. Bailly attempted ‘to de- 
termine the magnitudes of the first three satellites by noting the times 
which they occupied in entering into the shadow of the planet, or in 
emerging from it}. ‘I'his method is not susceptible of great precision, and 
consequently the results obtained by that astronomer were not regarded as 
worthy of any confidence. Lalande subsequently determined the magni- 
tude of the fourth satellite by the same method§. Sir William Herschel 
determined the magnitude of the second satellite by noting the time which 
it took to enter upon the disk of the planet. Having found, from obser- 
vations of the transit which took place on the 28th of July, 1794, that an 
interval of four minutes elapsed between the instant of the satellite's ex- 
terior contact with the margin of the planet, and that of its complete pro- 
jection on the disk, he hence determined by calculation that at the mean 
distance of Jupiter from the sun it would subtend an angle equal to 0”.87j). 
He did not attempt to determine the magnitudes of the other satellites by 
the same method of strict calculation, but, from a nice estimation of the rela- 
tive magnitudes of the four bodies, he concluded that the third satellite 
is considerably larger than any of the others; that the first is nearly of 
the size of the fourth ; and that the second is a little smaller than either 
of the two latter, or the smallest of all. Schroeter and Harding deter- 
mined the magnitudes of the four satcllites by means of observations of 
their transits over the disk of the planet. According to the results at 
which they arrived, the apparent diameters of the four satellites, when viewed 
from the earth, at the mean distance of the planet, are severally 17.063, 
0.870, 1”.543, and 1.074, commencing with the first satellite, and pro- 
ceeding in the order of their distances from the planet. The result for 
the second satellite agrees very nearly with that deduced by Sir William 
Herschel. 

In 1826, M. Struve determined the magnitudes of the satellites by mi- 
crometrical measurements of their disks with the great Dorpat refractor. 
‘The following are the apparent diameters which they would severally ex- 





* Mém. Acad. des Sciences, 1734. 

+ « The Longitude discovered by means of Jupiter’s Satellites,” London, 1788, p. 7. 
= Mém. Acad. des Sciences, 1771. § Ibid., 1774. 

4) Phil. Trans., 1797. Part IL, p. 350. — Mem. Ast. Soc., vol. iii., p. 801. 
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hibit, supposing them to be viewed at the mean distance of the planet 
from the earth * :— 


Apparent diameter of Ist satellite. : . VeO1S 
* + Qnd ,, 3 5 . 0.911 
” s bas ard, . : - 1 488 
” a 4th, 7 3 » 1 278 


These results present a very satisfactory accordance with those which 
Schroeter and Harding obtained byaless direct method. They also harmo- 
nize admirably with the estimations which Sir William Herschel formed of 
the relative magnitudes of the four bodies. The coincidence in the last-men- 
tioned instance is especially valuable, inasmuch as it shews the degree of 
confidence that may be placed in the appergus of Herschel, with respect to 
many delicate points in the science of astronomy, which rest mainly on the 
sagacity of that great observer. Fyrom the above measures of M. Struve 
it is easy to infer that the linear diameters of the four satellites, commenc- 
ing with the first and proceeding outwards, are severally 2429 miles, 2180 
miles, 3561 miles, and 3046 miles. It appears, therefore, that the third 
satellite exceeds Mercury in magnitude by a small quantity, and that the 
second is about the size of the Moon. The first and fourth satellites of 
course oceupy, in respect of magnitude, an intermediate position between 
these two bodies. 

Saturn, when viewed with the telescope, exhibits obscure bands, dis- 
posed in parallel directions across the centre of his disk, atria WH to 
those which encompass the bedy of Jupiter, though not so well defined. 
These bands were first observed by Dominique Cassini, but they appeared 
so faint and uniform that he was unable to draw any conclusions from 
them. In the year 1715, when the ring had totally disappeared, J. 
Cassini examined the planct with a telescope of 114 feet focal Jength, 
and perceived two broad bands exactly parallel to the plane of the ring, 
and extending over a considerable portion of the disk, Le searched in 
vain for a spot which, by observations of its position at different intervals, 
might indicate a rotatory motion; but, from the circumstance of all the 
satellites, except the most distant, revolving in the plane of the ring, he 
shrewdly suspected that the planet revolved about an axis perpendicular 
to that plane}. It was reserved for Sir William Herschel to establish 
this fact by observation, and also to assign the period of rotation. He 
commenced his examination of the planet in the year 1775. By means 
of his powerful telescopes, he discovered that the belts were in a state of 
constant change, and from their arrangement, which was generally parallel 
to the ring{, he inferred the probability of the planet revolving round an 
axis perpendicular to the plane of the ring. His suspicion of a rotatory 
motion was confirmed upon finding that a spot which he discovered on the 
19th of June, 1780, occupied different positions of the disk on each of the 
two following evenings§. On the 11th of November, 1793, having exa- 


* Mem. Ast. Soc., vol. iii., p. 301. 

+ Mém. Acad. des Sciences, 1715. 

t Inthe course of his earlier observations of the planet, Sir William Herschel occa~ 
sionally discovered belts which deviated sensibly in direction from the plane of the ring. 
Cassini had in some instances observed belts on Jupiter’s disk disposed in a similar manner. 
(Ane. Mém. Acad. des Sciences, tom. x., p. 683.) In the latter case they were generally the 
precursors of extensive changes in the arrangement and appearance of the equatorial 
belts. It is very reasonable to suppose that these anomalous belts are the indications of 
tempestuous movements in the atmospheres of both planets. 

§ Phil. Trans., 1790, Part L, p. 16. 
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mined the planet with his seven-feet reflector, he perceived a bright 
and uniform belt situated a little to the south of the shadow of the ring. 
Close to it was a darker belt, in which were two narrow divisions, so that 
the planet appeared to be encompassed by a quintuple belt, composed of 
three dark and two bright belts. By watching the variations in the appear- 
ance of this belt he discovered that the planet revolves round an axis per- 
pendicular to the plane of the ring in the short period of 10% 16™ 0.44%, 
‘The observations by means of which he arrived at this interesting conclusion 
extended from December 4, 1793, to January 16, 1794, and included 100 
rotations of the planet. It is worthy of remark, that Huyghens inferred, 
from the shortness of the period of the satellite discovered by him, that the 
planet had a rapid rotation on an axis. We have already mentioned that 
Kepler had previously hazarded a similar conjecture with respect to Jupiter. 

The, discovery that Saturn is compressed at the poles, is also due to 
Sir William Herschel. In 1782, he determined the lengths of the equa- 
torial and polar axes of the planet, by micrometrical measurement with his 
20-feet reflector. He found the apparent equatorial diameter to be 
22.81, and the appirent polar diameter to be 207.61, whence it followed 
that the two diameters were to each other nearly as 11 to 104. ‘The 
precise ellipticity indicated by these measures was equal te 0.09645. So 
far the results of observation presented a satisfactory accordance with 
those derived from mechanical principles, and Saturn appeared to conform 
in this respect to the analogy of the other planets. In 1808, however, 
the same astronomer announced the existence of an unexpected irregu- 
larity in the figure of the planet. The equatorial diameter appeared to 
exceed the polar, agreeably to his previous observations, but he now found 
that the longest diameter occupied an intermediate position between them, 
so that the planet, in consequence, exhibited the form of a quadrangle 
with the four corners rounded off. He determined by actual measure- 
ment that the three diameters were as 36, 35, $2, and that the longest 
diameter was inclined to the plane of the equator at an angle of 48° 201. 
The observations of the following year convinced him that he had mado 
the equatorial diameter too short, and he finally adopted 36, 35.41, and 
32, as the numbers expressing the relative lengths of the three diameters. 
By this revisal the anomaly in the figure of the planet was to some extent 
diminished. It is worthy of remark, also, that the ellipticity assigned by 
the new values of the equatorial and polar diameters coincides with that 
deducible from the measures of 1789. This circumstance is the more 
satisfactory, as the original determination of the ellipticity by the illus- 
trious astronomer has been found to accord exactly with that derived from 
the most recent micrometrical measures of the axes of the planet§. 

The irregularity in the figure of Saturn, to which allusion has just been 
made, was regarded by astronomers as an inexplicable anomaly in the 
planetary system. Herschel ascribed it to the attraction of the ring. It 


* Phil. Trans., 1794, p. 62. + Ibid., 1790, Part I., p. 17. ¢ Ibid., 1805, p. 280, 

§ In every work which the author bas seen containing any allusion to the observations 
of Herschel on the figure of Saturn, it is stated that the diametral values 36, 35, and 32 
were the fixal results at which he arrived. The material revisal mentioned in the text 
appears to have been totally lost sight of, although nothing can be more distinct than the 
language of the illustrious astronomer on this point The following are his express 
words on the occasion :—* The equatorial diameter of my last year’s figure is, however, a 
very little too short; it should have been to the polar diameter as 35.41 to 32, which is 


the proportion that was ined in 1789, from which I have hitherto found no reason to 
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was found, however, upon investigation, that the ring was not capable of 
producing an effect similar to that indicated by the observations of Herschel. 
The subject of the figure of the planet, therefore, excited a lively interest, 
more especially on account of the high authority upon which the alleged 
irregularity rested. In 1832, Bessel resolved to ascertain the figure of the 
planet by direct measurement. He had been led to suspect that the ob- 
servations of Herschel were illusive—in the first place, because they were 
at variance with the results of theory, and, in the second place, because 
they were made under unfavourable circumstances, the contour of the 
disk having been broken by the ring, which, in 1805, was very open. 
By careful micrometrical measurement, he found that the apparent mag- 
nitude of the equatorial diameter of the planet at the mean distance from 
the earth, was 17”.053, and that the apparent magnitude of the polat 
diameter was 15”.381*. These results gave 0.098047 for the ellipticity, 
upon the supposition that the figure of the planet was an oblate spheroid. 
We have seen that Herschel made it 0.09645. The two results do 
not therefore differ by so much as 4, of either. In order to ascer- 
tain the real figure of the planet, Bessel in the first instance assumed 
that it was an oblate spheroid whose ellipticity was equal to that indicated 
by the ratio of the two axes, and having calculated, upon this nea 
the lengths of several diameters inclined at different angles to the pline 
of the equator, he compared them with the corresponding results ob- 
tained by direct measurement. A complete accordance was found to 
subsist between the calculated and measured diameters of the planet, con- 
sequently no doubt could henceforth exist that the figure of the latter is 
in reality that of an oblate spheroid. The following are the results at 
which Bessel arrived :— 





Distance from 
the Equator. Measured Diameter. | Calculated Diameter. 





oe oO | 17.139 17.053 
22 30 16 .679 16 .777 
45 0 16 .242 16 160 
67 30 15 .605 15 .607° 


i 
90 0 | 15.882 15 304 





It is impossible to contemplate these numbers without a feeling of 
admiration of the theory which is capable of responding so faithfully to 
the requirements of nature, and of the exquisite skill displayed by the 
illustrious astronomer who executed measures so singularly delicate as 
those above given with a success apparently so complete. 

Sir William Herschel was induced to ‘suspect from his observations 
that Saturn is surrounded by an atmosphere of considerable extent. 
Having assiduously observed the belts of the planet during the period in- 
cluded between the years 1775 and 1780, he found them to be subject 
to incessant variations, analogous to those which characterize the fluctuat- 
ing movements of an atmospheric fluid. The phenomena observed by 
him during the occultations of the satellites were also favourable to the 
same hypothesis. He found in each instance, that the satellite, after 
coming up to the planet, continued to hang on its limb for some time before 


* See an account of Bessel’s researches on this subject, translated from the original 
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it actually vanished, The seventh satellite was observed by him on one. 


occasion to linger in contact with the disk for the space of 20 minutes. 
This would give 2” for the amount of the horizontal refraction at the 
surface of the planet*. It would be hardly safe to draw any positive 
ceénclusions from so minute a result. Herschel did not fail to remark that 
the irradiation of the planet was not taken into account. He, how- 
ever, discovered other phenomena which afforded more palpable indi- 
cations of the existence of a Saturnian atmosphere. He perceived an 
occasional brilliancy in the surface of the planet around both the poles, 
analogous to that observed in the polar regions of Mars, and he found, 
as in the case of that planet, that the region around each pole dimi- 
nished or increased in brightness, according as it was more or less ex- 
posed to the influence of the solar rays. In 1798, when the south pole 
had been long turned towards the sun, he perceived that the whole surface 
around it was of a pale whitish colour, far inferior in brightness to the 
ring, and not even equal in this respect to the white belts encompassing 
the equator of the planet. On the other hand, the surface around the 
north pole, which had been less exposed to the solar rays, was of a bright 
white colour. In 1806, the north pole having been for some time illumined 
by the sun, the regions around it had lost much of their lustre; but those 
around the south pole appeared to him to regain their former bright 
eolour, The latter were now decidedly brighter than the equatorial regions 
of the planet, es was evident from the appearances they severally exhi- 
bited when viewed with the telescope. With a magnifying power of 527, 
the south polar regions continued to appear very white, while, on the con- 
trary, the regions near the equator assumed a yellowish tinge}. Herschel 
suggests to future astronomers the prosecution of attentive observations 
of these interesting phenomena, with the view of establishing a definitive 
connexion between them and the vicissitudes of the Saturnian year. It 
is manifest, as in the case of Mars, that such appearances necessarily 
imply the existence of an‘ atmosphere, whether they be supposed to arise 
from variations in the temperature of the planet, or from the fluctuatin, 
movements of vapours suspended above its surface. ; 
Among the many objects which excited the admiration of Galileo when 
he first turned the telescope towards the heavens, there was none which 
filled his mind with such astonishment as the appearance presented by 
Saturn. Writing on the 18th of November, 1610, to Julian de Medicis, 
the ‘Tuscan Ambassador at the Imperial Court, he announced to him 
having discovered, to his great admiration, that Saturn was not a single 
planet, but was composed of three bodies, which almost touched each 
other, and constantly maintained the same relative position. He re- 
marked that the three bodies were arranged in the same straight line; 
that the middle body was the largest, and that the two others were situated 
respectively on the east and west sides of it. He added that, with tele- 
scopes of inferior power, the planet did uot appear triple, but exhibited an 
oblong form, somewhat like the shape of an olivet, The illustrious 
philosopher did not long continue his observations of the planet before 
he discovered that the lateral bodies did not constantly retain the 
same apparent magnitudes. In a letter to Castelli, dated the 30th of 
December, 1610, he mentioned that, since the month of July, the two 


* Phil. Trans., 1790, Part L, p. 15. + Ibid., 1806, Part IL, p. 464, et seq. 
+ Opere di Galileo, Edit. Pad., tom. ii., p. 41. 
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bodies had been gradually diminishing, although they appeared to be im- 
moveable, both with respect to each other and to the central body *, They 
continued to grow less and less during the course of the two following 
years, at the close of which they finaly vanished altogether, leaving 
the planet quite round, like Jupiter. “Galileo announced this mysterious 
disappearance of the phenomenon in his third letter to Welser, dated 
December 4, 1612. The astonishment which he felt on the occasion wag 
mingled with a feeling of alarm lest the Aristotelians, taking advantage 
of his inability to adduce an adequate explanation of the cause of disap- 
pearance, should attempt to make his observations a subject of derision, 
by alleging them to have been destitute of any foundation in nature. 
“What,” he remarks, “is to be said concerning so strange a metamor- 
phosis? Are the two lesser stars consumed after the manner of the solar 
spots? Have they vanished and suddenly fled? Hag Saturn perhaps 
devoured his own children? Or were ihe appearances indeed illusion or 
fraud, with which the glasses have so long deceived me, as well as many 
others, to whom I have shewn them ? Now, perhaps, is the time come 
to revive the well nigh withered hopes of those who, guided by more pro- 
found contemplations, have discovered the fallacy of the new observations, 
and demonstrated the utter impossibility of their existence, I do not 
know what to say in a case so surprising, so unlooked for, and so novel, 
The shortness of the time, the unexpected nature of the event, the weak- 
ness of my uuderstanding, and the fear of being mistaken, have greatly 
confounded me.” } ‘ 

During the course of nearly half a century which elapsed after the in- 
vention of the telescope, the singular vicissitudes which the appendage of 
Saturn underwent, continued to form an inexplicable enigma to astrono- 
mers. The only real progress made towards its explanation consisted 
in arriving at more accurate views of the appearances exhibited by it 
in the telescope and in ascertaining the time which it occupied in 
passing through the cycle of its phases. Instruments superior to those 
of Galileo shewed that the objects composing the appendage were not 
round like the other celestial bodies, but rather resembled two luminous 
crescents, attached by their cusps to the planet, and forming, as 44 were, 
two handles to it. “The conformation of these handles, or ans@, was 
found to be subject to a slow alteration, which caused the appearance of 
the planet to be constantly changing. When the anse first became visible, 
after the planet had passed through its round form, they appeared like two 
arms extending on each side of the planet, but they continued gradually to 
open out during the following seven or eight years, at the close of which they 
again began to contract, and after an equal lapse of time, vanished entirely, 
when the planet again assumed its round form. The appendage therefore 
completed the cycle of its various appearances in about fifteen years, or half 
the period of the planet’s revolution round the sun. t was reserved for 
Huyghens to discover the true cause of these singular changes. He first. com- 
municated to the world his explanation of them, under the form of, an enigma, 
in a smail tract, entitled, “ De Saturni Luna Observatio Nova,” published 
in 1656; but he subsequently gav@ an explicit announcement of the real 
nature of the appendage of the planet, with a detailed exposition of itg 
theory, in a book written expressly on the subject which appeared in the 
year 16591. In this work, before proceeding to explain his own theory, he 

* Opere di Galileo, Edit. Pad., tom. ii., p. 46, + Ibid., p. 158, - 
f Systema Saturnium, 4to, Hage, 1659. 
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considers the various hypotheses which had been advanceu vy ascronomers 
with a view to account for the appearances of the planet, and he points out 
the insuperable difficulties by which cach of them is accompanied. 
Roberval, it must be acknowledged, approached more nearly to the true 
explanation of the phenomenon than any of his contemporaries. . He 
supposed that vapours capable of reflecting the rays of the sun escaped 
from the torrid regions of Saturn, and, after attaining a certain elevation, 
remained in a state of suspension around his equator. When they filled 
the whole space included between the surface of the planet and the 
region of their highest elevation, they caused the planet to assume an 
elliptic form. When they ascended in less abundance, a wide space was 
left between them and the planet, and they only reflected the solar light 
in the parts that were densest, which, relatively to an observer at the 
earth, were the parts most remote from the centre of the planet. In this 
case the appendage would resemble two ansm with obscure spaces between 
them. When no vapours ascended, the planet would appear quite round *, 
Huyghens objected to this hypothesis that it made the exhalation of 
vapours to depend upon the position of the planet in its orbit (since the 
round phase occurred when the planet was in two opposite points of the 
ecliptic, and the. opening of the ans was greatest when it was about 90° 
distant from either), while at the same time it assigned no cause why the 
vapours should cease in some parts of the orbit, and in other parts should 
ascend in great abundance. With respect to the alleged elliptic form of 
the planet, he had already shewn that it did not exist, being in fact an 
iusive appearance which the planet assumed when it was observed with 
telescopes incapable of exhibiting the dark spaces between the anse. It 
was therefore a superfluous task to assign its cause. 

Huyghens introduces his own explanation of the phenomenon by re- 
marking that all the primary bodies of the planetary system, beyond 
doubt, revolve about fixed axes. He further considers it to be established , 
by observation, that the rotatory motion of each primary is more rapid 
than the orbitual motion of any of the smaller bodies circulating round it, 
and he hence concludes that Saturn and his appendage revolve with a 
rapid velocity round an axis. In 1655, while he was engaged in ponder- 
ing upon this subject, the planet exhibited an appearance which strongly 


* Delambre appears to have committed a slight inadvertence in his account of 
Roberval’s theory as explained by Huyghens. The following are the terms in which he 
notices it:—-“ Roberval avait imaginé que Saturne etait rond comme les autres planétes, 
mais que de son équateur il s’échappait des vapeurs, qui demeuraient suspendues a certain 
distance et formaient autour de la planéte un cercle qui, vu par nous obliquement,-devait 
se montrer comme une ellipse."— Hist. Ast. Mod., tome ii., p. 564. It will be seen, 
however, by reference to the original, that Huyghens makes no allusion whatever’ to the 
principle of perective, that a circle exhibits the form of an ellipse when viewed 
obliquely with respect to the visual ray. The figure which Roberval ascribes to 
the planet is a real not an apparent ellipse, being occasioned by the absence of vapours in 
the polar regions of the planet, in the same manner as the flattening at the poles of 
Jupiter causes the disk of that planet to assume the.form of an ellipse. But although 
the French astronomer does not appear to have recognized clearly that the opening out and 
closing of the ans might be explained by the variable obliquity of the vaporous zone 
with respect to the visual ray, he very sagaciouslf conjectured, by the aid of considerations 
identical with those which conducted Huyghens to a similar conclusion, that the appendage 
must encompass the pianet equally in every direction. This is candidly acknowledged by 
Hoyghens himself (See Systema Saturnium, p. 42, Opera Varia, vol. ii, p. 562). 
There was a good deal of truth in Roberval’s views, but it is clear that he wanted the 
vigour of mind necessary to correct his theory by instituting a close comparison, between 
its results and the recorded observations of astronomers. 


HIISTORY OF PITYSICAL ASTRONOMY. R257 


attracted his attention. The appendage resembled two arms extending 
in the same right line on opposite sides of the planet, as if an axis 
had passed through its centre. As the appearance of this axis was con- 
stantly the same, when observed from day to day, he concluded that the 
appendage must encompass the planet similarly in every direction go as 
to assume the form of a ring; for it was manifest that the rapid 
rotation of the planet and its appendage was incompatible with any other 
supposition. On the other hand, if this be once admitted, the appendage 
obviously would exhibit the same appearance * whatever might be the 
velocity of rotation. When he proceeded to compare the various ap." 
pearances of which such a ring is susceptible with the recorded observa- 
tions of the phases of the planet, he soon found that they could not be 
reconciled without supposing the plane of the ring to be inclined to the 
ecliptic at a constant angle, similarly to the plane of the terrestrial 
equator, ‘The existence of the answ indicated also to him that the ring 
did not adhere to the surface of the planet, but was everywhere separated 
from it by an interval of equal breadth. Assuming these particulars 
with respect to the ring, he found that all the appearances of the planet 
Tet ba satisfactorily accounted for by means of such an appendage, 
‘The logogriphe containing his explanation of the phenomenon was pub- 
lished by him in the following form :— 2 

fanaaaa cecce d eeeee gh iiiiiii Hmm nnnnununn oo00 PP q rr s tittt 

mutt 


He now restored the letters to their original places, when they stood 
thus :— . 
annulo cingitur, tenui plano, nusquain cohwrente, ad eclipticam inclinato ; 


or, in other words, “the planet is surrounded by a slender flat ring, 
everywhere distinct from its surface, and inclined to the ecliptic.” Nothing 
can be more convincing or beautiful than the explanation which this 
theory affords of the various phenomena presented by the planet. When 
the position of the planet in its orbit is such that the plane of the ring 
passes through the sun, the edge only of the ring is exposed to the solar rays, 
and the extent of the illuminated surface being very small, it is incapable 
of producing a sensible impression on the visual organ. In this position, 
then, the ring is invisible, and the planet presents a round appearance, like 
the sun or full moon. ‘The ring also disappears when its plane passes 
through the earth, for, although one of its sides may then be illuminated by 
the sun, it is only the edge which is turned towards the observer. Besides 
these two causes of disappearance, which are of a transient nature, and render 
the ring invisible only for a few days at most, there is a third cause which 
generally continues in operation during a longer period of time, and pro- 
duces a more lasting effect. When the planet is so situated that the plane 
of the ring passes between the earth and the sun, the unenlightened side 
of the ring is then turned towards the earth, and conséquently daring’ the 
whole time that the planet is in this Position (which frequently extends 
to several monthis) the ring will be invisible. The same theory affords an 
equally satisfactory account of the different phases assumed ‘by the ap- 
pendage of the planet during the period of its visibility. Tt is manifest 
that when the plane of the zing passes through the sun, and when conse~ 
quently the ring ceases to be visible, the planet, if viewed from the sun, 
would appear in the node of the ring’ , When the planet revolves’: 
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ring, and the Intter in consequence becomes visible in the form of a very 
elongated ellipse, gradually opening out in breadth. The ellipse con~ 
tinues to approach towards a circular form, until the planet has reached a 
distance of 90° from the node of the ring, when the elevation of the sun 
above the plane of the ring has attained its maximum. The ring hence- 
forth begins to contract, and the same succession of appearances, in a rer 
verse order, will obviously ensue, as tho planet revolves towards the oppo- 
site node, where the ring again will ceaso to be visible. The ring will, 
therefore, complete the cycle of its phases in a period equal to half a revelu- 
tion of the planet round the sun, or in about fifteen years. The appearances 
will not be materially different whether the ring be viewed from the earth 
or the sun, except during the timo that the planet is in the vicinity of 
either of the nodes of the ring. At such a juncture the combined motions 
of the earth and the planct may cause the plane of the ring to pass more 
than once through the carth, and the ring may, in consequence, disappear and 
re-appear twice, before its plane has entirely swept over the terrestrial orbit. 

Huyghens predicted that the planet would appear round in the morith 
of July or August, 1071. Cassini, in fact, found that the ring totally dis- 
appeared towards the end of May, in that year. ‘The coincidence was auf. 
ficiently satisfactory, considering that the position of the node of the ring, 
upon which the times of the round phase of the planet depends, could not 
possibly have been determined with a great degree of accuracy. - 

The position of the ring is usually determined by the inclination of 
its plane to the ecliptic and the longitude of its ascending node. It 
the plane of the ring was perpendicular to’ the ecliptic, the ring would 
appear like a luminous line at the node, and would thence gradually 
open out, until it finally assumed the form of a circle at a distance of 
90° from the node. Now it appears, from observation, that the minor 
axis of the ellipse, which the form of the ring usually exhibits, does 
not become equal to the major axis, even when the opening of the ring is 
greatest. ‘I'he obvious conclusion, therefore, is that the plane of the ring 
is not perpendicular to the celiptic, but is inclined to it at a sensible 
angle. It is easy to shew, from the principles of perspective, that when 
the planet is at a distance of 90° from the node of the ring, the major 
axis of the ellipse is to the minor axis as yadius to the sine of the angle 
contained between the plane of the ring and the visua) ray. Hence by 
taking into account the elevation of Saturn above the plane of the ecliptic, 
upon which, to a certain extent, the direction of the visual ray depends, it 
is easy to determine the inclination of the plane of the zing to the ecliptic. 
Huyghens originally supposed that the plane of tho ring was parallel to 
the equator, and hence inforred that its inclination to the plane of the 
ecliptic was 25° 80’, In 1668, however, Picard and himself found, by 
measurements made with a telescope of 21 feet focal length, that the in- 
clination was 31°*. This was a nearer approximation to the true value 
than any other which astronomers had arrived at previous to the com- 
mencement of the present century. ‘The longitude of the node of the 
ring is determined by the position of the planet relative to the sun or the 
earth, during the disappearance or reappearance of the ring; for itis mani- 
fest that when the sun or the earth passes through the plane of the ring, 
the heliocentric longitude of the plauet in the one case, and the geocentric 
longitude in the other, are equal te the longitude of the node of the ring. 
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Hayghens first fixed the ascending node of the ring in 153° of longitude, 
and afterwards in 170° 30’. The-elder Maraldi was the first astronomer 
who gave a complete theory of the method for determining the elements 
of the:-ring. From observations of the passage of 1715, he found that the 
inclination of the plane of the ring was 31° 20’, and that the longitude of 
the aacending node was 166°17’*. Lélande adopted Maraldi’s value of 
the inclination, and by means of observations of the passage of 1774, he 
determined the longitude of the ascending node to be 167° 8’+. This 
result he found to differ from Maraldi’s only by 1’, taking into account 
the effect of precession which he estimated at 49’ for the interval of 5@ 
years which had elapsed between 1715 and 1774. He therefore inferred 
that the position of the node of the ring is invariable. The researches of 
subsequent astronomers have shewn, however, that this was an erroneous 
conclusion. 

In 1811, when the ring was very open, Bessel measured the axes of 
the ellipse, formed by the ansm, and hence determined the inclination of 
the ring to be 28° 84’.1. “This evaluation differed considerably from 
Maraldi's, which had been hitherto adopted by astronomers. It received 
a strong confirmation, however, from the subsequent measures of M. Struve. 
In 186, when the planet was at a distance of 90° from the node of the 
ring, and when, in consequence, the opening of the ring wes again at its 
maximum, that eminent astronomer executed a series of micrometrical 
measures of the axes of the ring with Fraunhofer's great refractor, and 
by means of them he determined the inclination of the ring to be 28° 5’.9. 
He also estimated that the probable error of this result did not exceed 6.4 f. 

The value assigned by Bessel to the inclination of the ring was deduced 
from measures executed with a micrometer attached to a Lf-inch tele- 
seope, by Dollond. At a subsequent period, having obtained possession of 
a splendid heliometer, he resolved to employ it in determining the ele- 
ments of the ring with greater precision. In pursuance of this design he 
executed a great number of micrometrical measures of the apparent posi« 
tion of the ring during the period embraced between the years 1830 and 
1834, He also introduced into his investigation all the recorded disap- 
pearances and re-appearances of the ring, from the passage of the planet 
through the node of the ring in 1701, down to the passage of 1832. By 
4 comprehensive and masterly treatment of the subject, he finally arrived 
at the conclusion that the longitude of the ascending node of the ring in 
the year 1800 was 166° 53’ 8”.9, and that the inclination of its plane to 
the ecliptic was 28° 10’ 44”.7. He also found that the node of the ring 
retreats upon the plane of the ecliptic at the rate of 467.462 annually§, 
The result which he obtained for the inclination of the ring agrees with 
that deduced by M. Struve within the limits of error assigned by the latter 
astronomer. It may, therefore, be regarded as the most. accurate deter- 
mination of that element which has yet been arrived at. 

In 1675 Cassini, having observed Saturn after his emergence from the 
rays of the sun, discovered that the ring was divided into two parts by a 
black band, so that it appeared to be composed of two concentric rings (|. 
This fact was confirmed by subsequent observations of the planet in differ- 
ferent parts of its orbit, from which it appeared that the band was constantly 


* Mém. Acad. des Sciences, 1713. + Ibid., 1774. 
+ Mem. Ast. Soc, vol. p. 583. § Connaissance des Temns, 1838. 
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visible, and that its position on the northern side of the ring corre- 
sponded exactly to its position on the southern side*. Sir Willliam 
Herschel, without being aware of the reasons which induced Cassini and 
Maraldi to suppose an actual division of the ring into two smaller con: 
centric rings, undertook a most searching examination of the appear- 
ance of the dark band, with the view of deciding this delicate point. 
Various facts were detected by this great observer which afforded un- 
equivocal indications of the duplicity of the ring. He found that the 
band was of the same colour as the space between the ring and the 
planet, and was equally well defined on both its borders. It also 
constantly exhibited the same breadth, colour, and sharpness of outline 
throughout the whole period of ten years, during which he observed the 
northern side of the ring. The passage of the planet through the 
descending node of the ring in 1789 having rendered the southern side 
of the ring henceforth visible, he found that the band existed on it,-as 
well as on the northern side, and exhibited similar characteristics. He 
also perceived, agreeably to the observations of preceding astronomers, 
that the divisions on both sides of the ring corresponded exactly to each 
other. It was impossible, therefore, to avoid the conclusion, that the dark 
band indicated 2 material division of the ring, and that in fact, the planet 
was surrounded by two concentric rings, separated from each other by a 
space, through which the open heavens were visible}. The observa- 
tions of succeeding astronomers have afforded a complete confirmation of 
the justness of this conclusion. Some persons have even asserted that 
they have perceived a great number of concentric dark lines on the ring. 
This indication of the ring being divided into numerous parts was observed 
by Short and some of his contemporaries. In more recent times a similar 
phenomenon has been witnessed by De Vico, Encke, Lassel, and other 
observers. On the other hand Sir William Herschel and M. Struve, not- 
withstanding the high optical qualities of their telescopes have not dis- 
covered any traces of the existence of such a subdivision of the ring, 

The determination of the dimensions of the ring has formed an interest+ 
ing object of research to astronomers. Huyghens concluded, from his 
own observations, that the diameter of the ring was to that of the planet 
as 9 to4{. In 1719 Pound found, by means of a telescope of 123 feet 
focal length, that the two diameters were as 7 to.3§. In more recent 
times the micrometrical measurements of Sir William Herschel and M. 
Struve have led to an accurate knowledge of the magnitude of this stupen- 
dous zone. The following are the dimensions of the exterior and inte- 
rior rings, as assigned by M. Struve :— 


1, Exterior diameter of the exterior ring ‘ - 407.095 
Q. Inner diameter of the exterior riug . : - - 857.289 
3. Eixterior diameter of the interior ring . . . 347.475 
4. Interior diameter of the interior ring : ‘ . 267.668 
5. Equatorial diameter of Saturn . : - 177.991 
6. Breadth of the exterior ring. z : ‘ -  2”408 
7. Breadth of the division between the rings... . 0” 408 
8. Breadth of the interior ring. ‘ : . . 87.9038 
9. Distance of the interior ring from the ball 7 » 47.389 
10. Equatorial radius of Saturn. : , . 87.995 
* Mém, Acad. des Sciences, 1715, p. 13. + Phil. Trans., 1792. 


¢ Systema Saturnium, p. 78. § Phil. Trans., 1719, 
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These measures are adapted to the mean distance of the planet from the 
earth. We may form an estimate of the linear dimensions of the ring 
from the fact that.an object situated at the same distance, in order to sub- 
tend an angle of only 1”, would require to have an absolute diameter of 
4387 miles. It is easy hence to infer that the exterior ring will have an 
absolute diameter of 175,928 miles! The dimensions of the other parts 
will of course bear a similar relation to their apparent magnitudes. 
Various circumstances concur to prove that the thickness of the ring must 
be very inconsiderable. When its plane passes through the earth or the 
sun (on either of which occasions its edge only is capable of reflecting the 
solar rays to the observer) it has been generally found to disappear, even 
when the most powerful telescopes have been directed towards it. When 
it is about to vanish, or when it begins to re-appear, after being for some 
time invisible, it resembles an excessively-narrow luminous line, before and 
behind which the satellites are observed to pass in the course of their 
revolution round the primary. Being sometimes appareutly situated on 
tho ring, these bodies were employed by Sir William Herschel as standards 
of: comparison whereby to estimate its thickness. On such occasions the 
satellite was: invariably found to project on the opposite sides of the ring, 
whence it followed that the ring could not be so thick as the diameter of 
the satellite. On the 29th of August, 1789, (when only three days had 
elapsed since the plane of the ring passed through the earth,) having per- 
ceived the third satellite upon the ring, he concluded that the thickness of 
the ring was not equal to one-third of the diameter of the satellite *. THe 
estimated the diameter of the latter to be less than 1”; consequently the 
thickness of the ring did not subtend an angle so great as 0”.3. If we 
suppose the planet to have been at its mean distance from the sun, this- 
would indicate a thickness of 1462 miles. Even the seventh satellite, 
notwithstanding its extreme minuteness, was observed by Herschel to 
project upon opposite sides of the ring. When the edge of the ring was 
almost completely turned towards him, the satellite, to use his own beau- 
tiful comparison, appeared like'a bead moving upon a thread. He was of 
opinion that the diameter of the satellite did not exceed a thousand miles. 
It was probable, therefore, that the ring was not more than a few hundred 
miles in thickness. The illustrious astronomer did not fail on this occa- 
sion to remark, that if the ring was surrounded by an atmosphere, the 
refraction which it would exercise upon the rays of light preceeding from 
the satellite to the observer, would cause an apparent projection of the 
satellite similar to that indicated by observation, even although its dia- 
meter considerably fell short of the thickness of the ring. It appears, 
however, from other considerations, that the projection of the satellite is 
in reality due to the extreme thinness‘of the ring. Schroeter, from obser- 
vations of the breadth of the shadow which the ring threw upon the planet, 
when it was about to disappear, concluded that its apparent thickness at 
the mean distance of the planet amounted only to 0”.1254. This indi- 
cates a real thicknes of rather more than 500 miles. Sir John Herschel 
estimates the thickness not to exceed the half of this quantity. He is of 
opinion that if it even subtended an angle of 0.05 the ring would have 
been visible when the planet was observed by him, with a 20-feet re- 
flector, on the 29th of April, 1833 |. 
* Phil. Trans., 1790, Pt. I 
s of Astronom: 
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While engaged in observing the planet when the edge of the ring was 
turned towards him, Sir Wilham Herschel perceived several lucid protu- 
berances upon the ring, the positions of which could not be reconciled with 
the actual motion of any of ‘the satellites. His suspicion that they were 
phenomena of a distinct character was strengthened by the fact that they 
never came off the ring und showed themselves as satellites. The ques- 
tion occurred to him whether they might not be the indications of an 
eighth satellite revolving between the seventh satellite.and the planet. 
By comparing together the different positions of the brightest of the spots, 
he found that they might be accounted for, by supposing the spot to 
revolve round the planet in a period equal to 10% 32™ 15'.4, Having 
then computed, by means of Kepler’s third law, the distance at which a 
satellite would require to be placed, in order that it. might accomplish a 
complete revolution round the planet in the same time, he found the re- 
sult to be 17”.227. ‘This distance would bring the satellite precisely 
upon the plane of the ring. It followed, therefore, either that the parti- 
cles of the ring possessed sufficient mobility to allow the satellite to 
revolve through them, or that the variable positions of the lucid protube- 
yances arose from a revolution of the ring, itself around the planet. That 
the ring was not fluid, but, on the contrary, was composed of a substance 
as solid as the materials of the planet itself, appeared to him evident, from 

. the sharp definition of its borders, the brilliancy of the light reflected by 
it, and the darkness of the shadow which it threw upon the body of tho 
planet. It was impossible, therefore, to withhold the conclusion that the . 
ring is endued with a rotatory motion round the planet, which it completes 
in the short period of 10° 82 165.4%, This result presents a geepiete 
accordance with that which Laplace deduced about the same tim®, from 
an investigation of the mechanical conditions which are necessary to assure 
the stability of the ring, It must be acknowledged, however, that the 
observations of Schroeter and Harding, on the occasion of the disappear- 
ances of the ring in 1803, are in direct contradiction to a rotatory motion 
of the ring about the planct. These astronomers observed several lueid 
points upon the ring which continued immovable during a period of 
eight hours. When watched also from night to night, the pointe were al- 
ways found to retain the same position}. A similar objection to the 
rotation of the ring has been indicated by the observations of Prof. Bond, 
of Cambridge, U.S., on the occasion of the disappearance of the ring in 
18481. Another fact has been established by the observations of astrono- 
mers which, although essentially explicable by the principles of mechani- 
oal science, is accompanied by a phenomenon totally at variance with the 
supposition of a rotatory motion of the ring. In 1826 M. Struve found 
that the ring is not concentrically situate with respect to the planete It 
appenred from micrometrical measurements, that the distance of the-outer. 
edge of the ring from the body of the planet was equal to 11.288 on the 
east side of the planet, and only to 117.073 on the west side. . The ring 
was, therefore, nearer to the west side of the planet than it was to the east 
side by 0”.215 §. That the ring should revolve eccentrically with respect 
to the planet, is a condition which accords admirably with the principles 
wpon which its conservation depends; but the fact of its invariably de- 
viating towards the same side ot the planet cannot be reconciled with the 


* Phil. Trans., 1790, Pt. IL, p. 480. + Connaissance des Temps, 1808. 
P Soc., December, 1849. 
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supposition. of a revolution of any kind whatever. Lastly, there is a 
circumstance aitending the disappearances and re-appearances of the anse 
which is unfavourable to the existence of a rotatory motion of the ring. 
Tt has been frequently found on such occasions that one ansa alone was 
visible, and in by far the greater number of cases this was the western 
ansa. It is difficult to reconcile this fact with the rapid rotation assigned 
to the ring by Herachel, since, upon the supposition of such a movement, 
@ complete alternation ought vonstantly io take place in the appearance of 
the ansse at the close of every tive hours. ‘Uhere are, indeed, some obser= 
vatious of this kind, such as those of Cassiui and Maraldi to be noticed 
presently, which positively favour the hypothesis of a rotatory motion of 
the ring. ‘Lho interesting observations of the Hov. W. 2. Dawes, on the 
occasion of the passage of the planc of the ring across the terrestrial orbit, 
in 1848-9, also load unequivocally to the same conclusion. The rotation 
of the ring can hardly, therefore, admit of any doubt, although there are 
some difficulties attending the subject which remain to be explained. 

Sir William Lerschel first remarked that the light of the ring is brighter 
than that of the planet. With a high magnifying power the light of the 
planet assumed a yellowish tinge, while that of the ring still continued 
white *, By mcans of the superior brilliancy of the ring he was enabled 
to trace it in those parts where it crossed the luminous disk of the 
planet}. It has been already mentioned that Cassini found the interior 
xing to be brighter than the exterior ring. He compared the difference 
between: the two rings in brightness to that which subsists between 
polished aud unpolished silver |. The observations of succeeding aatro- 
nomexg, lead to a similar conclusion. Sir William Herschel discovered 
that thé. interior ring gradually diminishes in brightness towards the inner 
edge, the light of which, according to him, does not exceed in intensity 
that of the dark equatorial belts of tho planet §. A similar remark has 
been. made by M. Struve, who considevs that the inner edge of the interior 
ting is less sharply defined and Jess regular in its constraction than the 
outer edge ||. In all calculations relative to the disappearance and re- 
appearauce of the ring, it has been assumed by astronomers that the 
appendage of the planet is regular in.its construction, and that it is 
bounded by parallel planes. Observations of the ans, however, when 
they are about to disappear, or when they first begin to re-appear after.a 
period of invisibility, attord grounds for suspecting that the actual con- 
formation of the ring is irreconcilable with such an hypothesis, In 
1671, when the ring was about to disappear, the ansew were observed by 
Cassini to contract considerably. This circumstance was ascribed by him 
to the inferior brightness of the exterior ring which caused it to disappear, 
while the interior ring was yet visible {. He remarked also that, on the 
same occasion, one of the anse was partially visible when no trace of the 
other could be discerned, but he found that the visible remnant was not al- 
ways on the same side of the planet **. A ‘similar phenomenon was wit- 
nessed by Maraldi. On tho Oth of October, 1714, (six days previous to 
the passage of the plane of the ring through the earth,) that astronomer 
perceived that the anse were reduced to half their ordinary dimensions. 
Lhe easteru ansa appeared also to be somewhat broader than the western. 





* Phil. Trans. 1790. Part 1, p. 5. + Ibid., 1803. Part IL, p. 273. 
¢ Mém. Acad. des Sciences, tome x., p. 583. § Phil. Trans., 1794, p. 63, 
| Mem, Ast. Soc., vol. ii, p. 5 © Mém. Acad. des Sciences, tome x,; p. 583. 
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On the 12th of the same month, the planet was attended by the western 
ansa only. Maraldi remarked that these anomalous appearances might 
be accounted for by supposing that the ring is not wholly situated in one 
plane, or that its surface is very irregular, and that the western ansa, 
which from cither of these causes appeared fainter than the eastern on the 
9th of October, was subsequently transported by the rotation of the ring, so 
as to occupy the eastern side of the planet on the 12th of the same month *. 
The observations of succeeding astronomers generally agree in indi- 
cating a similar inequality in the construction of the rig. On the 29th 
of November, 1748, Heinsius perceived that the eastern ansa was shorter 
than the western}. On the 6th of October, 1773, the planet was observed 
at Cadiz with the western ansa only}. On the 11th of Jannary, 1774, 
Messier perceived that the eastern ansa was longer than the western §. 
On the 4th of January, 1803, Harding witnessed the re-appearance of the 
western ansa, while the eastern was yet totally invisible ||. On the 16th 
of June, 1803, Schroeter, with great difliculty, observed the’ western-ansa ; 
but the eastern had some time previously disappeared €. It would seem, 
from these observations, that the western ansa is in general more easily 
discernible than the eastern. This fact, although at variance with the 
alleged rotation of the ring, does not affect the question under considera- 
tion, namely, the irregularity of the surface of the ring, which is unequivo- 
cally indicated by all the observations. ‘There is another cireumstance which 
abundantly serves to prove that the bounding surfaces of the ring are not 
composed of paralicl planes. If such were the case, it is manifest that the 
instants of the disappearance and re-appearance of the ring would be con- 
stantly regulated by the motion of the planet, and a determinate position 
of the plano of the ring. Bessel, however, found, by a strict armtytical 
investigation, that the recorded observations of these phenomena were 
incompatible with the results derived from the supposition of such a 
plane **. It is impossible, therefore, to admit that the bounding sides 
of the ring are composed of parallel planes. 

Sir William Herschel was induced to suspect, from his observations, 
that the ring is encompassed by an atmosphere. In 1807 he perceived 
that the two poles of the planet did not exhibit the same shape. There 
uppeared a protuberance about the regions of the south pole which he had 
not witnessed on any previous occasion, while, on the other hand, the north 
polar regions retained their usual shape. By careful observation he satis- 
fied himself that this appearance did not arise from any irregularity in the 
surface of the plauet. It was, therefore, evidently an optical phenomenon, 
due to some cause which did not similarly affect the regions about both poles. 
In reference to this point, he remarked that the ring was differently situ- 
situated with respect to the opposite sides of the equator of Saturn, 
being before the planct in the southern hemisphere, and behind it in 
the northern. ‘The rays of light proceeding from the south polar re- 
gions to the earth passed pretty close to the ring, while those issuing 
from the regions in the vicinity of the north pole traversed an open 
space remote from any external influence. Hence, if the ring be sup- 
posed to be surrounded by an atmosphere, it would refract the rays 
proceeding from the regions about the south pole, and would thereby 


* Mém. Acad. des Sciences, 1713, p. 12. 
+ Lalande, Astronomie, Art. 3373. 
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occasion an apparent distortion of the figure of the planet similar to the 
observed protuberance *. Herschel was more especially inclined to adept 
this explanation of the phenomenon, as he had previously been led to sus- 
pect the existence of an atmosphere about the ring, from the fact of the 
satellites projecting on each side of it during the period when it resembled 
8 luminous line. The recent observations of astronomers go to support 
the same conclusion. It has been already mentioned that the ring is 
found to disappear when its plane passes either through the earth or the 
sun. To the greater number of observers it has also continued invisible, 
as might naturally be cxpected, during the whole time that the unen- 
lightened side is turned towards the earth. Tt is a remarkable fact, how- 
ever, that Sir William Herschel succeeded in perceiving the ring when its 
plane was interposed between the earth and the sun, and when conse~ 
quently the bright side was turned away from him+. It was also re- 
peatedly seen under similar circumstances, by the Rev. W. RB. Dawes in 
this country, and by Mr. Bond in America, during the passage of its plane 
across the terrestrial orbit in 1848-9 t. Now, since it would seem that 
the edge of the ring is invisible when it is turned directly to the observer, 
it ought, @ fortiori, to be invisible in every other position. Hence it fol- 
lows, that the visibility of the ring, during the time that its plane was in: 
terposed between the earth and the sun, did not arise from the light re- 
flected by its edge. ‘The inference is therefore unavoidable, that the ring 
was visible by means of the surface which was turned away from the sun, for 
the opposite surface upon which the rays of that luminary directly fell, was 
then turned away from ‘the carth. The observations of Mr. Dawes are 
especially conclusive with respect to this point. When the plane of the 
ring was interposed between the earth and the san (on which ‘occasion the 
bright side of the ring was turned away from the earth), the ring was still 
faintly visible ; but as the earth continued to approach the plane, the ring 
was seen with greater difficulty,and when it was actually situated in the plano, 
the ring was invisible, even when the planet was viewed with Mr. Lassel’s 
20-feet reflector §. Now, if the visibility of the ring in the above instance 
was due to the light reflected by its edge, a succession of appearances the 
very reverse of that indicated by observation ought to have taken place ; 
for as the earth approached the plane of the ring, the edge of the ring was 
turned more directly towards the observer, and therefore it ought to have 
been seen with increased facility. That the visibility of the ring, when its 
plane was interposed between the earth and the sun, was occasioned ‘by 


* Phil. Trans., 1808, p. 162. + Phil. Trans., 1790, Part L, p. 8. 

$ When Saturn is proceeding from the ascending to the descending node of the ring, 
the north side of the ring is that which is enlightened by the sun; and on the contrar A 
when he is proceeding from the descending to the ascending node, it is the south side 
-which is enlightened by that luminary. The planet having passed through the descend- 
ing node of the ring on Seotember 8, 1848, it follows that the north side of the ring, from 
being hitherto the illuminated side, became, henceforward, the dark side. Now, on the 
22nd of April, 1848, the earth met the plane of the ring advancing in the opposite direc- 
tion, and passed from the north to the south side of the ring. On the 12th of September, 
1848, it overtook the same piane, and passed from the south to the north side of the ring. 
On the 18th of January, 1849, having again reversed its motion, it met the plane of the 
ring a second time, and passed from the north to the south side of the ring. It is easy ta 
infer from these particulars, that throughout the whole period embraced between April 22, 
1848, and January 18, 1849, the unenlightened side of the ring was turned towards the 
carth, with the exception of the few days that elapsed between the 3rd and 12th of: Sep. 
temher 12840 


266 HISTORY OF PHYSICAL ASTRONOMY. 


light reflected from its obscure surface, and not from its edge, was still 
further proved. by the observations of Mr. Dawes during the interval when 
the earth was receding from the plane of the ring; for, in this case, the ring 
became more and more distinctly visible, according as the elevation of the 
garth above the plane continued to increase. 
> With respect to the physical explanation of the interesting appearance 
above alluded to, Sir William Herschel suggested that it might arise from 
the light reflected by the planet upon the dark surface of the ring. “Mr. 
Dawes, however, considers that the quantity of light derived from this 
source would not suflice to render the ring so distinctly visible as the 
observations indicated, especially in those parts that were less exposed 
to the illuminated hemisphere of the planet. He proposes, therefore, to 
account for the phenomenon, by supposing the ring to be surrounded by 
. an atmosphere which occasions a twilight sufficiently strong to render the 
ring visible, even after the sun has descended below the surface turned 
towards the earth. He remarks, in support of this explanation, that 
during the whole period embraced by his observations, the depression of 
the sun below the obscure surface of the ring, did not exceed 1°. It is 
manifest, therefore, that a twilight of considerable brightness might arise, 
even without the necessity of assiguing a high degree of density to the 
atmosphere of the ring. ‘Chis explanation was still further strengthened 
by the colour of the obscure surface of the ring, which appeared to Mr. 
Dawes to have a ruddy tinge, somewhat resembling the appearance of the 
western sky after sunset*. The observations of Mr. Dawes, and the 
interesting conclusion which he so reasonably draws from them, go to 
support the assertion of Sir William Herschel relative to the protuberance 
about the south pole of the planet, observed by him in the year 1807. 
The establishment of the elliptical figure of the planet by Bessel, and still 
more recently by the Rev. Mr. Main, of the Royal Observatory of Green- 
wich, cannot of course invalidate the existence of that apparent anomaly; 
since the obsetvations of both these astronomers were made at a time when 
the atmosphere of the ring could exercise no optical influence on the figure 
of the planet |. : ‘ 


* Granting that the visibility of the ring, when {ts plane is interposed between the earth 
and the sun, is due to the twilight occasioned by a circumambient atmosphere, it is mani- 
fest that the effect so produced will be greatest when the sun is just depressed below the 
obscure surface of the ring, and the earth at the same time has attained ifs maximum ele- 
vation above that surface. From the position assigned to the ascending node of the ring 
by Bessel, it is easy to infer that this condition will be satisfied, if the passage of the 

janet through either node of the ring should take place on the 7th of June, or the 9th of 
December. A juncture of this kind occurred in the year 1832, the planct having passed 
through the ascending néde of the ring about the beginning of December. On the other 
hand, the twilight will be viewed to least advantage if the planet should pass through the 
ascending node of the ring on the 7th of March, or throngh the descending nede on the 
9h of September. It appears, therefore, that the recent passage of the planet which took 
place on the Srd of September, 1848, was unfavourable for witnessing this interesting 
phenomenon, In fact, at the es time when the sun was abont to ascend to the level of 
the obscure surface of the ring, the earth had almost overtaken the plane of the ring, so 
that the twilight when strongest was viewed when the edge only of the ring was turned 
towards the observer. If the planet should pass through the ascending node of the ring 
on the 9ih of September, or through the descending node on the 7th of March, there will 
be only one brief disappearance of the ring; but as the planet on either of such occasions 
will be in conjunction with’ the sun, it will be invisible, as well as its appendage, so that, 
in point of fact, there will be no disappearance at all, in the usual sense of the term. 


+ It is interesting to know that the result at which Bessel arrived, relative to the éllip= 
ee we Kao’ ve 





LT A PRR ae NE SOY WORE MRE CGS Pe 





a. 


THSTORY OF PHYSICAL ASTRONOMY. 207 


The singular appendage with which Saturn is furnished has naturally 
given rise to speculations respecting its physical origin, and various hypo« 
theses, characterized by more or less ingenuity, havé been formed in con- 
nexion with this subject. Maupertius supposed the materials of the ring 
to be composed of the tail of a comet, which happening to revolve in the 
vioinity of the planet was arrested by its attractive force, and compelled to 
circulate a8 a satellite round it. According to De Mairaim, Saturn was 
formerly a body of much greater dimensions than it now is, the ring being 
the residue of the equator of the aucient planet. Buffon supposed, that 
while the planet was yet in a liquid state the equatorial parts were driven 
to a-considerable distance from its centre by the centrifugal force afising 
from its rotation, and that having subsequently become solid by cooling, 
they encompassed the planet in the form of a ring. Du Sejour adopted 
this view of the origin of the ring, but he further maintained that a con- 
tinuance of the rotatory movement was necessary to assure its conser- 
vation. He remarked that while the ring was yet in a liquid state, its 
constituent particles being exposed to the incessant action of the planet 
had a constant tendency to precipitate themselves upon its surface. It 
was necessary, therefore, to suppose that the ring was endued with a 
rotatory movement, sufficiently great to generate a centrifugal force 
capable of counterbalancing the gravity of the planet. He asserted 
further that, as the attraction of the planet on the more distant parts 
of the ring was less, while the centrifugal force, ceteris paribus, was 
greater, it was indispensable towards maintaining the equilibrium of the 
two forces, that the parts of the ring, at different distances from the 
centre, should revolve with different velocities. He, therefore, supposed 
that the ring was formed of several concentric solid zones, endued with 
different rotatory movements round the planet, the velocity of rotation 
being less according as the zone was more remote from the centre of the 
planet. This very plausible hypothesis has been borne out to a certain 
extent by the researches of subsequent astronomers, as we have already 
had occasiot: to mention. 

On the 25th of March, 1655, when Huyghens was engaged in examin- 
ing Saturtt with a telescope of 12 feet focal length, which he had con- 
structed with his own hands, his attention was drawn to a small star which 
appeared to the west of the planet, at a distance from it of about 8’. He 
remarked that the star was disposed in the same right line with the ring, 
which then resembled a luminous line extending on opposite sides of the 
planet. He also perceived a small star to the east of the planet, which 
was nearly at the same distance from it with the other, bit declined 
sensibly from the plane of the ring. His impression was that the latter 
was metely a fixed star; but from its peculiar position with respect to the 
ting, he suspected that the star on the west side of the planet, was @ 
satellite. On the following evening, having again directed his telescope 
to the planet, he found that the star on the east side was removed to 
twice ita previous distance, while the one on the west side still retained 
the same position, relative to the planet which it occupied, when he first 
saw it. It was now obvious that the former was a fixed star which the 
planet had left farther behind in the course of its retrograde motion, while 
the latter was a satellite which accompanied its primary round the sun, 
which Mr. Main made on the occasion of the last disappearance of the ring. See Month. 
Proc. Ast. Soc., vol. ix. - 


268 HISTORY OF PHYSICAL ASTRONOMY. | 


He found by a rough estimation, that the satellite completed its synodic 
revolution in 16 days, and that its greatest apparent distance from the 
planet. was rather less than 3’. A few years afterwards he fixed the period 
of revolution more accurately at 15¢ 235 13™*, A curious remark was 
made by Huyghens in connexion with this discovery, which strikingly il- 
Justrates the tenacity with which the ancient notions respecting the per- 
fectibility of the heavens, and the harmony of numbers, continued to cling 
to minds even of the very first order. He asserted that as the planets 
and satellites were now equal in number, and as the aggregate of both 
amounted to twelve, which was universally admitted to be a perfect 
number, it was reasonable to suppose that the planetary system was com~ 
plete, and upon this ground he ventured to predict that no more satellites 
would in future be discovered}. Twelve years only elapsed when the dis- 
covery of two additional satellites of Saturn served to expose the fallacy of 
a prediction so unworthy of the genius of its author. _ Since the epoch of 
that discovery, the satellites have constantly kept in advance of the 
planets, in respect of number, until’the present day, when the ultra-zodiacal 
planets have at length come to the rescue of the more ancient members of 
the system, and a relation of equality again subsists between the planets 
and satellites, with this material difference, however, that the number of 
each, instead of being only six, now amounts to eighteen. 

The passage’of Saturn through the node of his ring in 1671 was an 
event of peculiar interest to astronomers, inasmuch as it formed the cri- 
terion which was to establish the truth or fallacy of Huyghens’ theery of 
the appendage being composed of a ring; and the appearance of the planet 
on that occasion was, in consequence, an object of more than ordinary at- 
tention. On the 25th of October, 1671, while Cassini was engaged in 
observing Saturn with a telescope of 17 feet focal length, he perceived a 
small star to the west of it, in a position which very nearly coincided with 
the plane of the ring. Having repeated his observations on the following 
evenings, he soon discovered a sensible change in the position of the star 
with respect to the other stars around it. He continued to observe it on 
twelve successive nights, at the close of which he established various pro- 
perties of its motion which convinced him that it was a satellite. He 
found that its greatest elongation from the planet exceeded three times 
that of the satellite discovered by Huyghens. He estimated the time of 
its synodic revolution to be equal in round numbers to 80 days {. Having on 
a subsequent occasion instituted a comparison between observations which 
embraced 150 revolutions of the satellite, he determined the period to be 
794 Q2h4m§. The satellite thus discovered by Cassini arrived at its 
greatest elongation about the end of October, 1671. He continued to 
observe it till the month of December, when his labours were interrupted 
by unfavourable weather, and when he afterwards resumed them the 
satellite could not be found. Having procured a new telescope of 34 feet 
focal length, he succeeded in rediscovering the satellite.on the 13th of 
December, 1672; but a few days afterwards it again disappeared, and it 
continued invisible for some time, notwithstanding that he made“the most 
persevering efforts to obtain a sight of it. We shall presently give a more 
detailed account of the curious property of the satellite which causes it to 
be periodically invisible to the greater number of observers. 

* Opera Varia, tom. ii., p. 551. 


+ Systema Saturnium, Ded.; Opera Varia, tom. ii., p. 580. 
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On the 23rd of December, 1672, Cassini, while engaged in searching 
for his lost satellite, discovered a small star near the place where he ex- 
pected to find it, but still in a position which did not accord sufficiently 
well with the theory of the satellites motion. This turned out to bea 
third satellite, revolving nearer the planet than either of the two others. 
It completed its revolution in about four days anda half. Subsequently 
he determined the period with greater precision to be 44 12 27", He 
also found that its greatest distance from the planet did not amount to 
more than a diameter and two-thirds of the ring *. 

In the month of March, 1684, Cassini discovered two more satellites cir- 
culating round Saturn. They were both nearer the planet than any of the 
others previously discovered. The interior of the two satellites, at its 
greatest elongation, receded from the planet to a distance measuring only 
two-thirds of the diameter of the ring, and revolved completely round it 
in 14.21 19™, The exterior satellite attained an elongation equal to 
three-fourths of the diameter of the ring, and completed its revolution in 
2417" 434, Itis obvious that these discoveries could not have been 
made without telescopes of very considerable optical power. Before, how- 
ever, any means were devised of obviating the effects of chromatic aberra- 
tion, it was found to be impossible to construct refracting telescopes of a 
high power without assigning such an enormous focal length to the object 
glass as to render the instrument totally unmanageable. Cassini eluded 
this difficulty by setting aside the tube of the telescope altogether, and 

lacing the object glass in a suitable position for viewing the object through 
it: A similar mode of observing was also practised about the same time by 
Huyghens}{. Cassini discovered the two interior satellites of Saturn with 
object glasses of 136 and 100 feet focal length ; but be afterwards succeeded 
in observing them with glasses of 90 and 70 feet focal length. ‘These glasses 
were constructed by Campani, at Rome. Cassini first placed them in an 
aperture, which he had caused to be left for that purpose in one of the 
towers of the Royal Observatory of Paris at the time of its erection. 
As this mode of observing could not be conveniently practised at all alti- 
tudes, he afterwards adopted the expedient of placing the object glasses 
sometimes on the top of a pole, and at other times on a wooden. tower 
of great height §. 

In order to distinguish the different satellites from each other, Cassini 
proposed to denominate them according to their distances from the planet, 
the innermost being the first satellite, the one next to it the second, and so 
on to the outermost satellite, which was the fifth. According to this nomen- 
clature, the satellite discovered by Huyghens, although the first in the 
order of discovery, was denominated the fourth satellite. 

The reader will not fail to remark that the five satellites of Saturn were 
discovered at the times of the disappearance of the ring, or at least on the 
occasions during which it assumed the form of a luminous line. This cir- 
eunistance is doubtless to be ascribed partly to the superior attention with 
which the planet was observed at those junctures, and partly to the greater 

* Mém. Acad. des Sciences, tome x., p. 586. + Ibid., p. 694, et seq. 

t The credit of first practising this mode of observation has been generally ascribed 
to Huyghens, but Cassini distinctly asserts that his observations of Saturn’s satellites were 
the first that had been made without employing the tube of the telescope. - He states that 
he had already discovered the two interior lites in that manner when Huyghens pub- 
lished his ‘ Atroscopium, in which he explains a method analogous to his, thougt tattch 
more troublesome in detail.—(Mém. Acad. des Sciences, 1705, p,23.)0 0 +. 5 = 
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facility of making such discoveries, in consequence of the planet being- 
then disencumbered of its appendage. Six passages of the planet through 
the node of its ring had occurred without leading to any similar results, 
when the seventh was at length illustrated by Sir William Herachel's 
discovery of two additional satellites. On the 28th of August, 1780, 
having directed to the planet his 40-feet reflector, which he had just com- 
pleted, that astronomer perceived six small stars, which, from their bright 
appearance, and their arrangement in the plane of the ring, he at once 
suspected to be ail satellites*. The planet was then retrograding with 
great rapidity, and the opportunity was therefore favourable for deciding 
this point. A very short time served to convince him that his suspicion 
was well founded. After the lapse of about two hours and a half he dis- 
covered, to his great delight, that the planet had carried away.all the six 
stars from their original positions. They proved to be the five old satellites 
of the planet, and a sixth, which for the first time, had revealed itself to 
mortal eyes. This satellite was nearer the planet than the innermost or 
first satellite of Cassini. By a comparison of his observations, Herschel 
found that it completed a sidereal revolution round the planet in 
14 84 53" 9%, The addition of this satellite to the Saturnian system was 
succeeded by that of another, which Llergchel was enabled, by means of 
the same powerful telescope, to detect on the 17th of the following month, 
He found this satellite to revolve still nearer the planet than any of the 
others. He determined the time of its revolution to be 924 40" 46t. 
According to the principle of nomenclature adopted by Oagsini, the last- 
mentioned satellite of Herschel should be denominated the first satellite 
of the planet, the other satellite discovered by that astronomer should be 
denominated the second, and so on, proceeding outwards from the planet. 
As a rigorous adherence to this principle would have the effeot of altering 
the. designations of the five old satellites, Herschel proposed to call the 
two satellites discovered by him the sixth and seventh satellites, counting 
imwards with respect to the planet. Hence the seventh satellite is the 
nearest to the planct, while the fifth is the most remote from it}. .The 
two satellites discovered by Herschel are visible only in telescopes of ox: 
traordinary power. ‘I'he seventh satellite was estimated by that astro- 
nomer to be beyond all comparison smaller than the sixth. Even in the 40. 
feet reflector it appeared only like a very small lucid point. On account 
of its vicinity to the planet, it is hidden by the ring throughout the greater 
part-of each revolution. Schroeter, who never could obtain a sight of it, 
was induced to doubt its existence. It has, however, been repeatedly seen 
in several of the powerful telescopes of the present day. 

It will be readily seen, by a comparison either of the distances or the 
periodic times of the sntellites of Saturn, that a disproportionately-wide 
interval exists between the orbits of the fourth and fifth satellites. The 
vacuity hence arising has been to a certain extent filled up by the discovery 


* Phil. Trans., 1790, Part 1, p. 10. 

+ Asan improvement in the nomenclature of the Saturnian system was very desirable, 
Sir John Hersehel has recently proposed to denominate the satellites after the Titanian 
divinities, The names of the seven satellites, commencing with the one most remote 
from the planct, and proceeding regularly inwards, are contained in the following line: 

Japetus, Titan, Rhea, Dione, Tethys, Enceladus, Mimas. 
‘This mode of distinguishing the satellites seems in a fair way of being generally adopted, 
The discovery of an eighth satellite has shown the absolute necessity of some such nomen-~ 
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cof an eighth satellite of the planet, on the occasion of the recent passage of 
the plane of the ring across the earth’s orbit. This interesting result is due 
to the independent labours of two astronomers, who although residing 
in different hemispheres, recognized the satellite on the very same day, 
viz., the 19th of September, 1848. On the 16th of the month just men- 
tioned, Prof. Bond, of Cambridge, U.8., while engaged in observing Saturn, 
perceived a small star of the seventeenth magnitude, situated nearly in the 
plane of the ring. On the 19th he discovered that the star was retro- 
grading with the planet, whence its real nature at once suggested itself to 
him, Mr. Lassel, of Starfield, Liverpool, arrived at the discovery of the body 
in the same manner. He first observed it as a star on the 18th of Sep- 
tember, and on the following evening he detected such indications of ita 
motion as enabled him to establish, beyond all doubt, that it was a satellite. 
Thus, although Mr. Bond first saw the satellite as a star, he discovered its 
real nature only on the same night with Mr. Lassel. But, indeed, 
although either of these-astronomers had discovered the satellite several 
days previous to the other, it would be absurd in such a-case to draw any 
distinction between their respective merits. Of course the discovery of 
Mr. Lassel was generally announced throughout Europe, before the sur- 
prising intelligence of Mr. Bond’s simultaneous discovery of the satellite 
‘was wafted across the Atlantic*. It is a curious fact that Huyghens, as if 
to atone for his unfortunate prediction relative to the secondary planets on 
a former occasion, suggested the probability of a satellite revolving in the 
interval included between*the orbits of the fourth and fifth satellites of 
Saturn}. In conformity with the nomenclature proposed by Sir John 
Herschel, the new satellite has received the name of Hyperion. Its period 
has been estimated to be 224 12", but this can only be considered a provi- 
sional evaluation, 

The only fact which has been established relative to the physical consti. 
tution of the satellites of Saturn is, the remarkable variation of the light of 
the fifth satellite. It has been already mentioned that this satellite disap- 
peared soon after its discovery in 1671, and that after Cassini recovered 
a sight of it in the following year, it again specdily eluded his observations. 
Having watched it throughout a great number of revolutions, that astro- 
nomer found thet it was invariably invisible in the eastern part of its 
orbit. It regularly disappeared two or three days after passing its superior 
conjunction, and did not re-appear until two or three days before its arrival 
in inferior conjunction. As the peviod of the satellite is nearly equal to 
80 days, it continued consequently invisible for about a month during each 
revolution. ‘I'wo interesting conclusions were deducible from this fact. 
In the first place, it was obvious that there existed extensive tracts on the 
surface of the satellite that were incapable of reflecting a sufficient 
quentity of the solar light to render them visible. In the second place, 
since these dark tracts were coustantly turned towards the sun when the 
satellite was in the same parts of its orbit, it followed that the satellite 
presented the same hemisphere towards the planet, during each synodic 





* Mr. Lassel discovered the satellite with a Newtonian reflector of 20-feet focal length, 
and 24-inches aperture, Prof. Bond effected its discovery with a magnificent refracting 
telescope, the object glass of which has a diameter of 15 inches, 

+ Cum enim inter extremas duas, spativm amplius pateat quam pro distantiis cmte- 
rarum; posset hoc insidere sextus satelles,— Cosmotheores, p. 99, Opera Varia, tom. ii, 
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revolution, and consequently its motion upon its axis was equal to its- 
motion round its primary, as in the case of the earth's satellite. 

The curious discovery of Cassini, above referred to, has been verified by 
the observations of subsequent astronomers. Sir William Herschel, with a 
view to establish beyond all doubt the variation of the light of the satellite, 
observed it with the most scrupulous attention throughout a great number of 
revolutions. By means of his powerful telescopes, he was enabled to per- 
ceive it throughout the entire course of its revolution round the planet, but 
he found that it constantly experienced a great diminution of lustre when it 
was passing through the eastern half of its orbit. He also discovered, 
by a nice comparison of its light with that of each of the other satellites, 
that it varied much in brightness throughout each revolution, but that it 
always exhibited the safhe degree of brightness when it appeared in the 
same part of its orbit. This jnteresting fact accords admirably with the 
conclusion previously suggested by the observations of Cassini, namely, 
that the satellite rotates completely on an axis in the same time which it 
takes to accomplish its revolution round the planet. Herschel concluded 
from his observations, that the light of the satellite is in full splendour 
whon it is traversing the part of its orbit which is between 68° and 129° 
past the inferior conjunction. He estimated that, in passing through this ” 
arc, it does not fall above one magnitude short of the brightness of the 
fourth satellite. On the other ‘hand, from about seven degrees past the 
opposition till towards the inferior conjunction, it is not only less bright 
than the third satellite, but it hardiv rivals the second or even the first. 
Upon the whole, the alteration of brightness appeared to him to: be 
equivalent to a change from the fifth to the second magnitude *. 

' . On the evening of the 18th of March, 1781, when Sir: William 
Herschel was engaged in examining the small stars in the neighbourhood 
of H Geminorum, his attention was attracted towards a star which 
appeared sensibly larger thanMiny of those around it. Being struck with 
its unusual size, hé instituted a comparison between it and two other 
small stars, and finding it to be much larger than either, be began to 
entertain a suspicion that it was a comet. In order to obtain a stronger 
assurance on this point, he had recourse to a delicate criterion, by means 
of which astronomers are usually enabled to distinguish a fixed star 
from a planet or comet. The apparent diameters of both the fixed stars . 
and planets are generally found to increase when a higher magnifying 
power is applied to the telescope with which they are observed; but there 
is this essential distinction betweef the two classes of oljects,—that while 
the apparent diameters of the planets are enlarged in the exact propor- 
tion of the magnifying power, those of the fixed stars do not increase at 
so rapid a rate. At the same time, however, the light of the 
becomes fainter, and its outline appears ill defined; while, on the other 
hand, the fixed stars, under similar circumstances, retaingheir usual lustre 
and distinctness. When Herschel first saw the star, he had been using 
a magnifying power of 227. He now applied to his telescope (which was 
a seven fegt reflector) magnifying powers of 460 and 932, and he found, 
agreeably a is conjecture, that the star acquited successively a duller 
and more confused appearance, and was in each case -enlarged in the 
exact proportion of the magnifying power, while the stars with which he 
compared it, retained their usual aspect, and exhibited a less rapid varia- 


- 
* Phil. Trans. 1792, p. 14. 
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tion of magnitude. Having now felt a strong persuasion that the object 
was a comet, he determined, by careful estimation, its position with 
respect to a telescopic star near to it, intending to make observations of 
it on the following evenings, for the purpose of ascertaining whether it 
had @.proper motion. A very brief lapse of time served to dispel all 
doubts upon this point, the star having been found by him to be revolving 
with a slow motion, according to the order of the signs, in an orbit which 
deviated very little from the plane of the ecliptic. He continued to 
observe the star until the 19th of April, determining its position on each 
occasion by measuring, with a micrometer, its distance -from a telescopic 
Star near to it, and also its angle of position with respect to the same 
star, or in other words, the angle contained between an imaginary line 
joining the two stars and the parallel of declination passing through the 
telescopic star. He also executed several ,micrometrical measures of its 
apparent diameter. Having drawn up an account of his observations, he 
communicated it to the Royal Society in a paper, which was read before 
that body on the 26th of April, 1781. In this paper he does not appear 
to entertain a suspicion that the object of his discovery was any other 
than a comet *, ; ; 
Previous to transmitting the above-mentioned communication to the 
Royal Society, Herschel had taken an vpportunity of aunouncing his 
discovery to Dr. Maskelyne, the Astronorffer Royal, who i his ‘turn gave 
due notice of it to the astronomers of France. Messier commenced his 
observations of the supposed comet on the 16th of April, 1781, and his 
example was speedily followed by Lalande, Lemonnier, Mechain, and 
D'Agelet, as well as by Reggio, De Cesaris, Bode, Wargentin, and 
various other astronomers on the Continent. As soon as a few observa~ 
tions of it were obtained at Paris, an attempt was made by means of 
them to determine the clements of the parabolic orbit in which it vas 
presumed to revolve. A serious difficulty, Hbwever, soon presented itself 
to those éngaged in this enquiry. It wasound that although a parabola 
might be assigned, which would represent with tolerable fidelity a limited 
number of observations of the comet, yet in a few days afterwards, the 
positions of the body, when calculated upon the same: hypothesis, appeared 
to be totally irreconcilable with the actual motion. Various attempts 
to discover an orbit which would permanently represent the motion of the 
body were made.by Mechain, the President de Saron, Laplace, Boscovich, 
and others, but in all instances they proved to pe equally unayailing for 
this purpose. Nor is their failure at all-to be surprised at, for, ‘since. the 
-body was universally supposed to be a comet, it was concluded, by reason- 
ing from analogy, that the perihelion, at the utmost, would not extend 
beyond the orbit of Jupiter, and that in all probability it was situated far 
“within ‘the terrestrial orbit}. The -attention of each calculator was 
therefore constantlg directed towards constraining the body to move in an 
orbit the perihelion distance of which, even upon the most extravagant 
supposition, was imagined not to amount to four times the radius of the 


* Phil. Trans,, 1781, p. 492, et seq. ‘. 
+ In Delambre’s catalogue of 116 comets, comprehending all the bodies of this nature 
whose elements have been determined down to the year 1813, there is only one comet, 
viz., that of 1729, whose perihelion distance (4.0698) exceeds four times the terrestrial 
orbit. There are only six comets in the catalogue which, at their perihelia, passed 
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terrestrial orbit. It.was never suspected all the while, that the nearest 
distance of the body from the sun exceeded the same standard of measure- 
ment at least eighteen times. 

The President de Saron appears to have been the person who threw 
the first glimmering of light on.this perplexing subject.. On the 8th of 
May, 1781, he announced that the comet was in reality much more 
yemote from the sun than astronomers had hitherto supposed it to be. 
He estimated its perihelion distance to be equal to.at least twelve times 
the radius of the terrestrial orbit *, This.was an important suggestion, 
for it had the effect of directing the attention of, enquirers to the region 
of the heavens in which the body was actually revolving. By adopting 
it, the observations were represented with greater precision than they had 
been on any previous hypothesis, and hopes began to be entertained of 
arriving at a determination of the real orbit of the body. : ‘ 

The next step in the enquiry was made by Lexell, who happened to be 

- in England at the time of Herschel’s discovery. In an account of his 
researches which he communicated to the Academy of St. Petersburg, 
he mentions that Dr. Maskelyne, and the other English astronomers who 
observed the body, agreed with him in supposing that in all probability it 
was a planet +. Various circumstances, he remarks, concurred in suggest- 
ing this view of its nature. In the first place, observation shewed it to 
be a well-defined object, whereas comets generally have . nebulous 
Seeder Again, although very small, it was not difficult to discern a 
difference in its light from that of the fixed stars, Lastly, its .slow 
motion in latitude (indicating that its inclination to the ecliptic was very 
inconsiderable), and its motion in the zodiac according to the order 
of the signs, were two independent facts which both strongly supported 
the hypothesis of its being a planet. Taking two extreme .observgtions 
of the body, one. by Herschel, dated March 17, 1781, and the other by’ 
Maskelyne, dated May 11 of the same year, Lexell found that they 
might be both satisfied by q circular orbit, whose radius was equal, to 
18.93, the mean distance of the earth from the sun being supposed equal 
to unity. In the month of June or July, while still residing in England, 
he wrote a letter to one of his friends in Paris, in which he stated, tliat the 
motion of the body which formed the subject of so much anxious investi- 
gation might be represented by a circular orbit, whose radius was equal 
to eighteen times the mean distance of the sun from the earth. “ From 
that time,” says Lalande, “ it appeared to me that the body ought to be 
called the new planet.” $° Lexell soon afterwards found that on account 
of the slow motion of the body, and the cousequent smallness of the arc 
described by it within a limited interval of time, the observations .in- 
cluded betwcen March 17 and May 28 might be satisfied by an infinite 
number of parabolas, whose peribelion distances varied from 6 to 22 times 
the radius of the terrestrial orbit. From this circumstance it appeared 
evident to astronomers, that until the planet had described a larger arc, 
it would be impossible to arrive at an accurate knowledge of the elements 
of its orbit. e. 

’ After the lapse of a few months, when the motion of the planet began 
to be developed more clearly, its distance from the sun, upon the suppe- 


* Mém. Acad. des Sciences, 1779, p. 529. . 

+ Nov. Act. Acad. Petrop., tom. i., p. 69, et seq. 4 

+ “ Dés lors il me_parut qu’on devait lui donner le nom de nouvelle planéte,—Mém. 
Acad, des Sciences, 1779, p. 580. 
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sition of a circular orbit, was determined with considerable precision; but 
from the discordances which still existed between the computed and the 
observed positions, it was plainly apparent that the real orbit was an 
ellipse ‘of small eccentricity. Elliptic elements of the planet were first 
caleulated by Laplace, and were communicated by him to the Academy of 
Sciences, in the month of January, 1783. 

‘When it was ascertained beyond all doubt that the body discovered by 
Herschel was » planet, it became desirable to distinguish it by some 
special name. As the privilege of choosing a naie in all such cases is 
the incontestable right of the discoverer, Herschel, urged by a feeling of 
gratitude towards his royal patron, George III., proposed to confer on the 
planet the appellation of the Georgium Sidus. Lalande, influenced by an 

~ ‘equally honourable motive, suggested the name of Herschel. Both these 
names sounded incongruously with the prevailing nomenclature of the 
planetary system, and neither of them consequently ‘met with much 
favour on the part of astronomers. The names of various heathen divinities * 
Were proposed as more appropriate for this purpose. After some time 
had been spent in discussing the rival claims of different deities, the 
Reme-of Urinus, suggested by Bode, was finally adopted by astronomers, 
and-hes atways since been employed to distinguish the planet. 7 

A point of great interest to be determined was, the magnitude of the 
body, by’ the discovery of which the planetary system had just been en- 
riched. For this purpose two data were indispensable, namely, the 
distance of the planet from the earth at any assigned instant, and the 
angle subtended by its diameter when viewed at that distance. The 
former of these could be determined with facility, and with a considerable 
dégree of precision; the case was very different with respect to the’ latter. 
Herschel’s first measures of the apparent diameter of the planet, exhibited 
a remarkable discordance with each other. On the 17th of March he fixed 
it at 2”.58’”, on the 2nd of April he made it 4”.25’”, and on the 18th of 
the same month he determined it to be 5.2’”*, A similar discordance 
existed between the measures of other astronomers. Maskelyne was in- 
duced to fix the magnitude of the apparent diameter at 3”. The as: - 
tronomers of Milan fixed it between 6” and 7”. Mayer of Manheim esti- 
mated it to be as high as 10”. Lexell, despairing of the possibility of 
determining the apparent diameter of the planet by micrometrical 
Measurement, attempted to ascertain its value by comparing the planet 
with another body whose apparent diameter was known. For this purpose 
he compared it with Mars, at a time when that planet was near the 
Position of apogee, and when his apparent diameter in consequence did 
not exceed 5”, - Finding that Uranus appeared to be less than the -planat 
with which he compared it, he hence concluded that its apparent diameter 
fell certainly below 5”, and in all probability did not exceed 8’+. The 
mean of these two extremes gives 4” for the apparent diameter of the 
planet, a result which forms a closer approximation to the true value than 
any other that had been hitherto assigned by astronomers. In order to . 
remove all doubts upon this subject, Herschel in 1782 undertook a series 
of measures of the plauet with two micrometers, one of which, called the 
lanp micrometer, was an instrument of his own invention. He thus ob- 
tained a number of results, from which it appeared that the mean’ value 

‘of the angle subtended by the diameter of the planet was somewhere 


* Phil, Trans., 1781, p. 494, + Nov. Act. Acad. Petrop., tom. i., p. 78 
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about 4”%*. Ona subsequent occasion he instituted a strict comparisoxt 
between these results, and hence concluded that the apparent diameter of 
the planet, when viewed at its mean distance from the earth, was equel to 
8”.91. By combining this result with the distance of the planet as 
recently ascertained (viz., 19.08, the mean distance of the earth being 
supposed equal to unity), he was enabled to determine its linear dimen- 
sions and volume. In this manner he found that the diameter of the 
planet measured 34217 miles. It therefore exceeded the diameter of the 
earth in the proportion of 4.3 to 1. It was easy also to infer that in vo- 
lume it exceeded the same body in the proportion of 80 tol}. From these 
results it appeared that the newly-discovered body was, after Jupiter and 
Saturn, by far the most considerable of those bodies hitherto recognised as 
revolving round the sun. 

The enrichment of the planetary system consequent on the accession of 
Uranus to it, marks the commencement of the long series of brilliant dis- 
coveries and sublime speculations which adorned the astronomical career of 
Sir William Herschel? It has been frequently asserted that this noble 
athievement was the effect of chance, and the inference has been hastily 
drawn, that the merit associated with it is of a very inferior order compared 
with that due to the same astronomer on account of the many other efforts 
of his genius. It is true that the discovery was accidental, inasmuch as it 
did not result from an examination of the heavens, instituted in pursuance 
of any theoretical views respecting the existence of the body; but if it is 
thereby meant that the planet might with equal probability have presented 
itself as such to any observer, there cannot we conceive be g more vulgar 
error. A few remarks upon the subject will amply illustrate the justness 
of this conclusion. In the first place, it may be asserted that the dis- 
covery was uo other than the legitimate reward which might be expected 
eventually to crown the exertions of an astronomer, who continued from 
night to night with unwearied enthusiasm to explore the heavens, with 
optical appliances which owed their exquisite character solely to the re- 
sources of his own genius. Upon this ground alone, therefore, the author 
of the discovery, even if he had not borne the immortal name of Herschel, 
would have been entitled to a high place among those who have success- 
fully explored the celestial regions. Nor would a less generous award be 
in unison with the natural promptings of the human heart. The motto 
of one of England's most illustrious sons, “ palmam qui meruit ferat,” ex- 
presses, in appropriate language, the spontaneous response of the mass of 
mankind in all ages, to every result achieved, whether in arts or arms, by 
a well-directed course of skilful energy and unflinching perseverance, 
But the planet, in fact, was involved in an extensive field of observation, 
which the astronomer had conceived the design of submitting to a syste- 
tmaatic scrutiny; and it only required the application of his mental powers 
to the realisation of this design to conduct him inevitably to the wander- 
ing body §. The occasion was, therefore, favourable for detecting the 
planet, but this would have been a useless advantage without the man. 
Similar junctures must frequently offer themselves to every person who 
devotes his attention to physical phenomena, but how few are sagacious 
enough to diseern their presence, and extract from them their legitimate 


* Phil, Trans., 1783, p. 13. ¢_ Ibid., 1788, p. 378. 

+ Born at Hanover 1738; died at Slough, in England, 1822: 

§ Herschel was engaged in a series of observations with a view to the investigation of 
the annual parallax of the stars, when his attention was first drawn to the planet, 
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consequences! The circumstances attending the discovery in the present 
instance, abundantly serve to prove that its author was no ordinary 
observer. The singling out of the planet from among the multitude 
of similar objects by which it was surrounded, was an operation of the 
utmost delicacy, which demanded extraordinary powers of discernment. 
Lalande has expressed his astonishment that Herschel should have been 
led to direct his attention especially to the planet, considering that with 
an instrument of his own, which magnified 120 times, the appearance of 
the body did not differ from that of a star of the seventh magnitude *. 
The language of Messier is equally decisive upon this point. “ Nothing,” 
says that astronomer, writing to Herschel, ‘was more difficult than to 
recognise the body; and I cannot conceive how you have been induced to 
return repeatedly to that star or comet, for it has been absolutely neces- 
sary for me to observe it several days in succession, in order to obtain an 
assurance that it had a proper motion.” + 

The different sets of elements which Laplace and his contemporaries 
had calculated for Uranus, soon after its discovery, could only be consi- 
deréd ‘as provisional, the motion of the planet not having been yet suffi- 
cielit]y developed’ to justify the hope of determining with precision the” 
forni and position of the orbit in which it revolved. In 1790, the 
Academy of Sciences, with the view of eliciting a definitive determinatiol 
of the orbit of the planet, proposed its theory as the subject of a prize. 
It has been already mentioned in one of the foregoing chapters, that the 
prize was awarded to Delambre. An account has also been given, in the 
same chapter, of the subsequent researches of astronomers on the theory of 
the planet, and of the memorable consequence which ensued from the 
study of the irregularities of its motion. 

The immense distance of Uranus precludes all hopes of discovering any 
phenomena indicative of its physical constitution, analogous to those in- 
terésting appearances, which an examination of the other principal planets 
with the telescope has revealed to astronomers. Sir William Herschel was 
indyced to suspect that the figure of the planet is sensibly spheroidal. 
Observations with his 7-feet, 10-feet, and 20-feet reflectars, all concurred 
in suggesting the same conclusion relative to this point. The longer axis 
of the planet also appeared to him, agreeably to the analogy of Jupiter 
and Saturn, to be situated in the plane of the orbits of the satellites. 
Assuming the ellipticity of the planct to be an established fact, he hence 
citadel that. the planet revolves with considerable velocity upon an 
axist.  M. Arago has naturally expressed his surprise that an observer so’ 
scrupulous as Herschel should have contented himself with a simple esti- 
mation of the figure of the planet, when he might have obtained a defini- 
tive assurance upon this point, by direct measurement of the equatorial 
and polar axes with a micrometer§. There are two distinct circum- 
stances, however, which concur in rendering the determination of the ¢llip- 
ticity of Uranus an operation of extreme difficulty. In the first place, 
the smallness of the apparent magnitude of the planet has a tendency to 
cause a small error in the measurement of either of the axes to exercise a 


* Mém. Acad. des Sciences, 1779, p. 528. 

+ “ Rien n’etait plus difficile que de la reconnaitre; et je ne puis pas concevoir com- 
ment vous avez pti revenir plusieurs fois sur cette étoile ou comete, car absolument it a 
fallu Vobserver plusieurs jours de euite pour s’appercevoir qu'elle avait un modvement.” 
Phil. Trans., 1781, p. 500. é - 

¢ Phil. Trans., 1798, p. 71. § Annuaire, 1842, p. 579, 
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very material influence on the ellipticity. In the case of Jupiter, the 
difference between the equatorial and polar axes, at the mean distance of 
the planet from the earth, is equal to 2”.789; and as the ellipticity is 
measured by the ratio of this quantity to the equatorial axis, it is obvious 
that an error of a tenth of 1”, committed in its determination, will entail 
on the ellipticity an error less than 3/,th of its real value. Now, if we 
assume the ellipticity of Uranus to be equal to that of Jupiter, the differ- 
ence between the equatorial and polar axes (supposing the former to be 
equal to 4”) will amount only to 0.2916. Jt follows, therefore, that.an 
error equal to a tenth of 1” committed in the measurement of either 
of the axes would occasion an error in the ellipticity greater than one- 
third of its true value. M. Midler, indeed, has obtained for the planet an 
ellipticity equal to 44,5, indicating a difference between the equatorial and 
polar axes amounting to 0.435. But even upon such a supposition, an 
error of measurement equal to that assumed in the two previous cases 
would produce an alteration to the extent of one-fourth in the value of the 
ellipticity. ‘There is another circumstance, however, which operates un-~ 
favourably in attempting to determine the ellipticity of Uranus. The-re- 
mark of Herschel, that the longer axis of the planet extends in the plano 
of the orbits of the satellites, leads to the curious conclusion that the 
equator of the planet is nearly perpendicular to the plane of the ecliptic, 
since the satellites have been found to revolve in orbits which are nearly 
perpendicular to that plane. The consequence of this anomalous condition 
will be, that the planet will exhibit the fall quantity of its ellipticity only 
in two opposite points of its orbit, namely, those wherein the plane of its 
equator passes through the earth, for the planet in such positions alone is 
projected upon a plane passing almost through its poles. On the other 
hand, there are two opposite points, 90° distant from these, in which the 
planet will assume nearly a circular appearance, since the plane of. projec- 
tion almost coincides with the plane of the equator. In any intermediate 
position the apparent ellipticity will be less than the true, and it will 
continually diminish as the planet recedes to a greater distance from 
either node of its equator. It is obvious from this circumstance, that 
even if the ellipticity of the planet should be very considerable, it is 
not liable to be detected except when the planet is passing through 
either of the nodes of its equator, an event which can only occur at 
successive intervals of half a revolution of the planet, or about forty-two 
years. 

It follows from the foregoing remarks that, even if the ellipticity of 
Uranus should be considerable, the difference between the lengths of the 
apparent equatorial and polar axes, which is at all times very small, on ac- 
count of the minute dimensions of the disk, is in general rendered still 
smaller by the peculiar position of the equator of the planet. Perhaps 
this circumstance may explain the reluctance of Herschel to determine the 
ellipticity of the planet by actual measurement, the small difference be- 
tween the apparent lengths of the equatorial and polar axes not offering 
any chance of his obtaining a trustworthy result by this means. It ap- 
pears, indeed, as already stated, that M. Madler has obtained for the 
planet an ellipticity equal to 3.45. M. Otto Struve, however, who ob- 
served the planet still more recently with the magnificent refractor of 
Pulkowa, was unable to discern the slightest trace of ellipticity. 

Sir William Herschel at one time was inclined to suspect that Uranus 
is surrounded by one or two rings. On the 4th of March, 1787, 
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having examined the planet with his 20-feet reflector, he perceived 
two projecting points, at opposite extremities, of a diameter extending 
east and west, and also two similar points, though somewhat smaller, 
at a distance of 90° from the others. The same appearance having been 
witnessed by him on several successive evenings, he suspected that the 
planet might be encompassed by two rings at right ‘angles to each, 
other *. Subsequent observations, however, shewed him that the ap- 
pearance was illusory. The suspicion of a ring retutmed to his mind on 
a future occasion; but in this instance also it proved to be unfounded. 
Indeed, he remarked that during the interval of ten years, extendini 
from 1782 to 1792, which his observations of the planet embraced, 
whatever might have been the position of the node of tke ring, the 
planet must have removed to a sufficient distance from it at some time 
during that period, to cause such an opening of the ring as would render 
it pretty visible, if it had existed at all. 2 

Soon after his discovery of Uranus, Herschel endeavoured to ascertain 
whether it was attended’ by satellites; but although he repeatedly ox- 
amined the planet for this purpose, with his most powerful telescopes, he 
wag unable to discover any trace of the existence of such bodies. Ho 
ascribed his failure to the want of a sufficient quantity of light to render 
visible such faint objects as he presumed the satellites of so remote a 

Janet would be. As sogn, however, as he experienced the advantage of em- 
ploying the front view in his telescopes, from the additional quantity 
of light which he gained by this contrivance, he again resolved to pro- 
-secute this interesting enquiry. Accordingly, on the 11th of January, 1787, 
he directed one of his telescopes + to the sweep, including the planet, and 
when it arrived on the meridian he perceived several feint stars near 
to it, the positions of which he noted down with great care. On the 
following evening, when the planet returned to the meridian, he 
looked out with eager scrutiny for his stars, and he found that two 
of them were missing. He repeated his observations on the 14th, 
17th, 18th, and 24th of January, and also on the 4th and 5th of 
February, carefully delineating on each occasion the configurations of the 
ginall stars in the vicinity of the planet. Although he had no longer any 
doubt of the existence of one satellite at least, he deferred making any 
communication respecting it, until he had seen it actually in motion. Ac~ 
cordingly he directed his telescope to the planet on the 7th of February, 
and having fixed his attention on the satellite at six o'clock in the evening, 
he steadily kept it in view until 3 o'clock in the following morning. Durin 
the course of nine hours that he remained at the telescope, he had the 
gratification of perceiving that the satellite continued faithfully to attend 
the planet, while at the same time it described a considerable are of its 
proper orbit. He did not omit following another star which, from his pre- 
vious observations, he suspected to be a satellite, but from his attention 
having been so strongly directed to the object already mentioned, he could 
not be so well assured of its motion. The observations of the 9th of Feb- 
ruary removed all doubts from his mind, the star, during the interval 
which elapsed since his previous observation, having advanced in the same 
direction with the other star already recognised as a satellite, but with a 


* Phil. Trans., 1798, p. 67. 
+ This appears, from the context, to have been his 20-feet reflector, although he does 


not expressly mention that it was that instrument. 
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2 
quicker motion. From this circumstance he inferred that it revolved -be~ 
tween the latter and the planet. He, therefore, called it the first satellite 
while the one more remote, although the first that had been discovered, 
received from him the name of the second satellite. 

Herschel communicated an account of his discovery of the satellites of 
Uranus to’ the Royal Society, in a paper which was read before that body 
on the 15th of February, 1787*. A sufficient interval of time had not yet 
elapsed to enable him to determine the elements of their motion ; but by 
a rough estimation, he found that the first satellite completed its synodic 
revolution in about eight days and three quarters, and the second in 
thirteen days and a half. He also remarked that the orbits were inclined 
at considerable angles to the ecliptic. As soon as he obtained an adequate 
number of observations of the two satellites, he undertook a rigorous 
determination of their elements. The results of his researches are con- 
tained in » paper which was read before the Royal Spcietf on the 22nd of 
May, 1788 }. He found the time of a synodic revolution of the first satel- 
lite to be 84.17) 1™ 195.3, and that of the second to be 184 115 5™ 13,3. 
He determined the apparent distance of the second satellite at the mean. 
distance of the planct from the earth to he 44”.23. It was a matter 
of such extreme difficulty to obtain even a sight of the first satellite, that 
he did not attempt to establish its distance from. the planet by obser- 
yation ; but knowing the periodic time, and knowing also the periodic 
time and distance of the second satellite, he was enabled to deduce it from, 
these data by means of KXpler's third law. In this manner he found the 
apparent distance of the satellite from the planet to be 33”.09. He de- 
termined the inclination and the longitude of the node of the second satel- 
lite, but the results exhibited .an ambiguous character, in consequence of 
an uncertainty in the observations, which could not be removed until the 
planet had revolved round the sun through’ an are sufficiently large to oc- 
casion a sensible change in the position of the satellite's orbit relative to 
the earth, ‘The ambiguity involved an extraordinary altervative, to which 
we shall presently have occasion to allude more particularly. Herschel 
found from his observations of the first satellite, that the position of its 
orbit did not deviate sensibly from that of the second. On account of the 
great inclinations of their orbits, the satellites could only be eclipsed when- 
the planet was passing through either of their nodes. Herschel an- 
nounced that they would undergo eclipses in either of the years 1799 or 
1818, adding that they would appear, on such an occasion, to ascend out of 
the shadow of the planet, in a direction almost perpendicular to the plane 
of the ecliptic. This interesting phenomenon was predicted with a re- 
markable degree of accuracy, considering the extreme difficulty of obtain- 
ing reliable observations of the satellites, and the short interval of time 
which elapsed since their discovery ; but from a circumstance connected.with 
the visibility of these minute bodies, which the illustrious astronomer was 
the first to point out, it has not been hitherto allotted to mortal eyes to 
witness ‘it. : Fo 2 

‘We have mentioned that the results at which Sir William Herschel 
arrived, relative to the position of the orbits of the satellites, were to a 
certain extent ambiguous. It was manifest that the orbits were almost, 
perpendicular to the plane of the ecliptic, and that the planet was advanc- 
ing towards their ascending node; but there were two positions of the orbits, 


* Phil. Trans., 1787, p. 125, et seq. + Phil. Trans., 1788, p: 364, et seq. 
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either of which would satisfy the observations. This will be easily under- 
stood when it is borne in mind that a circle viewed obliquely assumes 
the form of an ellipse, whose eccentricity depends upon the degree of 
obliquity, and that it is possible to assign two different positions to a 
circle, in each of which it will be equally oblique with respect to the visual 
ray. As an illustration of this remark let the circle a 3 ¢ D represent the 
orbit of the satellite, and let the plane of the paper be perpendicular to 


A 


Cc 


the visual ray. Let us now suppose the orbit to tum through a certain 
angle round the axis ac, so that the semicircle a B c shall, by this means, 
be elevated above the plane of the paper, while the opposite semicircle, 
4 D-c, is equally depressed below it. When the orbit is viewed in thig 
new position, it will be projected upon the plane of the paper, and will 
appear to coincide with the ellipse *a bod, the eccentricity of which 
will increase as the orbit revolves through a gyeater angle, or, in other 
words, according 2s its plane becomes more oblique with respect to the 
visual ray. If, however, we had supposed the orbit to revolve in the 
opposite direction through an equal angle, so that the semicircle AB ¢ 
was depressed below the plane of the paper, while the opposite semicircle, 
AD o, was equally elevated abqye it, the projected orbit, in this case also, 
would manifestly coincide with the ellipse abcd. It will, therefore, 
be impossible for an observer, by simply viewing the motion of the satel+ 
lite from a remote point situate above the plane of projection, to ascertain 
whether the semicircle a Bc is turned towards him, or whether it is 
turned away from him. It is manifest, however, that the position of the 
orbit of the satellite, with respect to a fixed plane, will be very different 
in the two cases. The true position can only be decided by the motion 
of 0, the common centre of the two circles, which causes one of the assumed 
orbits of the satellite to become more, and the other to become less 
oblique with respect to the visual ray ; whence, by confronting the two corre- 
sponding ellipses with the results of observation, it is possible to ascertain 
which of the circles represents the real orbit of the satellite. For example, 
let us suppose o (representing the planet) to revolve from right to left 
round the eye of the observer as the centre of motion, the plane of 
the circle a 5 cv, constantly moving parallel to itself, it is then mani- 
fest that if the semicircle Ac be turned towards the observer it will 
become more and more oblique with respect to the visual ray, and, there- 
fore, the ellipse ab ¢ d will gradually contract in width. On the other’ 
hand, if the semicircle ac be turned away from the observer, the 
motion of o will cause the plane of the orbit a Bc p to become less and 
Jess oblique with respect to the visual ray, and the ellipse will gradually open 
out. Herschel accordingly remarked in 1788, that although the position of 
the orbit of the second satellite was then doubtful, the true position would be 
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apparent ellipse of the satellite. If the ellipse should contract, the longi- 
tude of the ascending node of the satellite would be 168° 0’ 87.9, and 
the planet would pass through it in 1799; but on the other hand, 
if the ellipse should open out, the longitude of the ascending node would 
be 246° 2” 2”.5, and the passage of the planet through it would not 
take place before the year 1818*. The most interesting circumstance 
connected with this ambiguity referred to the motion of the satellite, 
which would be direct or retrograde, according as the ellipse was obsarved 
to open or close. A similar remark was applicable to the first satellite, 
the position of whose orbit was found to coincide with that of the second. 
Hersche) found from obscrvations of both satellites, subsequent to 1788, 
that their apparent cllipses continued for some time to contract, and he 
hence drew the legitimate conclusion that their motion is retrogade. He 
formally announced this result for the first time in a paper which he com- 
municated to the Royal Society towards the close of the year 1797}. This 
singular anomaly in the planctary system has been confirmed by the 
observations of subscquent astronomers. Herschel was now enabled 
definitively to announce that the ascending node of tho satellites was 
gituated in 168° 0’ 8”.9 of longitude, and that the planet would pass 
through it in the year 1799. The common inclination of their orbits to 
the orbit of the planct had been found by him in 1788 to be 80° 20 11’.1 }. 
On a future occasion he arrived at a more accurate determination of the 
position of the orbits. + 

Jn the paper above referred to, Herschel announced his discovery of 
four additional satellites of Uranus. The number of the satellites of the 
planet therefore now amounted to six. One of the new satellites was the 
nearest of all. to the planet; another revolved in the space included 
between the orbits of the two satellites already discovered; the remaining 
two were exterior to both the old satellites. Conformably to the practice 
of naming the satellites according to the order of their distances from the 
planet, Herschel, in this paper, distinguished the two satellites discovered 
in 1787, by the names of the second and fourth satellites §. With respect 
to the four new satellites, although confidently asserting their existence, 
he did not venture to give an exact determination of their distances from 
the planet or their periodic times, on account of the small number of 
undoubted observations of them which he possessed, but he assigned, as 
provisional data, certain approximate valucs of these elements, remarking 
that future observations might require that they should be considerably 
modified. These results, including the elements of the second and fourth 


* Phil. Trans., 1788, p. 375. + Phil. Trans., 1798, p. 47, et seq. 

$ Phil, Trans., 1788, p. 875. Herschel, indeed, assigned in this paper two values 
of the Inclination, corresponding to the two values of the longitude of the node, and it was 
by ineans of these reaults that he expressed the ambiguity in the position of the orbite. 
As, however, the‘other value of the inclination, viz. 99° 30’ 48’.9, is the supplement of that 
mentioned in the text, it is manifest that the conclusion at which Herschel arrived may be 
equally well expressed by adopting the smaller inclination in both cases, and supposing 
the motion to be retrograde in the case wherein the supplement was assigned. For the 
sake of simplicity this mode of interpretation has been employed. 

§ The illustrious astronomer did not, however, invariably adhere to this nomenclature, 
for in all discussions relating crelusively to the two oid satellites, he applied to them their 
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satellites, as determined by him in 1788, are contained in the following 
table. 














r _ 
Order of Distance.| Date of Discovery. | Pistance from | periodic Time. 
Ast satellite January 18, 1790 25.5 | 5¢ 2] 25" 
| Qnd do, January 11,1787; 33.09 | 8 17 I 
| 8rd do. March = 26, 1794 38.57 | 10 28 4 
| 4th do. January 11, 1787 44 .23 wk 5 
| 5th do, February 9, 1790 88 .46 38 1 «49 
| 6th do, February 28,1794) 177 .92 107 16 40 
| 








The distance of tho first satellite was the result of a micrometrical 
measure executed by Herschel at a time when he supposed the satellite 
to be at its greatest elongation from the planet. The distance of the third 
satellite was determined by assuming its orbit to bisect the linear interval 
included between the orbits of the two older satellites; the fifth satellite 
was supposed to be twice as distant from the planet as the fourth, and the 
sixth satellite to be four times as distant as the same satellite was. 

The periodic times were not deduced from observation, but were calcu- 
lated by means of Kepler's third law *. 

In 1815 Herschel communicated to the Royal Society his fourth and 
Jast paper on the satellites of Uranus +. ‘The passage of the planet through 
the ascending node of the satellites had supplied him with a favourable 
opportunity of obtaining a more accurate determination of the elements of 
the two old satellites, their apparent orbits on that occasion having assumed 
the form of straight lines. He found from observation, that the planet 
passed through the ascending node of the satellites on the 12th of March, 
1798. The longitude of the node was, therefore, 165° 30’. He fixed the 
inclination of the orbits of the satellites to the ecliptic at 78°58’, A new 
investigation of the synodic revolutions of the two satellites’ gave him 
84 16" 56™ 53.2 for the period of the second satellite, and 184 11> 8™ 59s 
for the period of the fourth. With respect to the question of the distances 
of the satellites from the planet, he did not undertake to correct the 
results he had already arrived at, but he assigned certain measures of 
both satellites, which he considered might be useful in future enquiries 
relative to this point. 

The passage of the planet through the node of the satellites in 1798, 
enabled Herschel to obtain a few more observations of the satellites whose 
existence: he first announced in 1797. He still continued to assert his 
firm belief in the existence of other satellites besides those of 1787, but 
it was a matter of such extreme difficulty to obtain even occasional glimpses 
of these remote atoms, and still more so to distinguish them from one 
another, that he did not venture to give a rigorous determination of 
their elements, or even to assign the precise number of satellites. He 
therefore confined himself to the communication of all the observations indi- 


* Herschel’s observations of the supplementary satellites appear to have been made 
with his 20-feet reflector. In a subsequent paper (PAil. Trans., 1815) he explains the 
grounds upon which he was induced not to make. more frequent use of his gigantic 
telescope of 40 feet focal length, which conducted him, immediately after its completion 
in 1789, to the discovery of the two interior satellites of Saturn. 

+ Phil. Trans., 1815, p. 293, et seq. 
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cative of their existence, leaving to future astronomers the task of deducing 
positive results respecting them, when a more-complete system of data for 
this purpose should be obtained by means of additional observations. 

Sir William Herschel found that the interior of the two old satellites 
was brighter than the exterior satellite, whence -he concluded that it was 
the more considerable of the two in point of magnitude*. It appeared 
from his observations, that both satellites were subject to great varia- 
tions of brightness. It happened, in consequence, that the exterior satel- 
lite was sometimes more distinctly visible than the interior. Herschel 
concluded, from this variation in the brightness of the two satellites, either 
that there existed dark tracts on their surfaces which were turned in suc- 
cession towards the earth by the rotation of the bodies on their axes, or 
that each satellite was enveloped in an atmosphere which, by its fluctu- 
ating movements, occasionally laid bare the dark surface of the satellite, 
as in the ease of the Sun, Jupiter, and Saturn 4. 

Herschel found that both satellites invariably disappeared when they’ 
arrived within a certain distance of the planet. The limit of visibility, 
however, was different for each satellite. ‘The interior satellite generally 
vanished at a distance of 18” from the planet. The exterior satellite 
ceased to be visible at the distance of 20” {. A dense atmosphere envelop- 
ing the planet would explain the disappearance of the satellites, did it not 
happen that they were lost sight of, when traversing the nearest half of their 
orbits as well as the opposite half. The only satisfactory explanation which 
could be given of the phenomenon was, that the feeble light of the satellites 
was overpowered by the superior lustre of the planet. Herschel remarked, 
that, owing to a similar cause, the Earth, Venus, and Mercury, would for 
ever remain invisible to the inhabitants of Uranus, being constantly lost 
in the effulgence of the Sun's light, It is interesting to trace the progress 
of optical science (or rather its application to practical purposes) in con- 
nexion with the question of the visibility of the smaller bodies of the 
planetary. system. Huyghens generally lost sight of the satellite dis- 
covered by him, two days before its arrival in conjunction with the planet, 
and did not again perceive it until two days after conjunction §.. Cassini 
was unable to perceive the satellite immediately interior to that of 
Huyghens, except at its greatest elongation from the planet, even when 
its orbit was so open that at the time of conjunction it passed quite clear 
of both the planet and the ring||. Sir William Herschel, however, suc- 
ceeded in keeping sight of every one of the seven satellites of Saturn 
until they actually arrived in contact with his disk. Perhaps some 
future observer may succeed in accomplishing for the satellites of Uranus 
what that illustrious astronomer achieved in respect to those of Saturn **. 

The satellites of Uranus require telescopes of such a high degree of. 
perfection to render them barely discernible that, after Sir William 
Herschel ceased to direct his attention to these remote bodies, any further 


observations of them were for a long time neglected. This remark applies 

* Phil. Trans., 1798, p. 73. é + Ibid., 1815, p. 356. 
t Ibid., 1798, p. 76; tbid., 1815, p. 855. 

§ Opera Varia, tom. ii, p. 524, 

Anc. Mém. Acad. des Sciences, tome x., p. 586. 

Phil. Trans., 1790, Part I., p. 75 also 1798, p. 74, 

¥* It results from the invisibility of the satellites of Uranus near conjunction, that the 
eclipses of these bodies (which, on account of the great inclination of their orbits can 
only take place on the occasion of the passage of the planet through either of the nodes) 
wil necessarily be invisible also, 
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not merely to the four satellites alluded to by Herschel at a later period 
of his- researches, the existence of which might be regarded as proble- 
matical, but also to the two satellites originally discovered by him in 
1787, the theory of whose motions he had brought to a state of consider. 
able perfection. It does not appear that any astronomer obtained even a 
sight of these faint objects until the year 1828, when Sir John Herschel 
detected them with a 20-feet reflector. In order to verify the general 
character of the views of his illustrious father, relative to the orbits of the 
two satellites, and to obtain a fresh correction of their periodic times, the 
Same astronomer executed a series of observations of their angles of posi« 
tion with the meridian, throughout the years 1830, 1831, and 1832. By 
2 skilful discussion of his father’s observations of the second satellite, and 
asimilar treatment of his own, he obtained two epochs of the passage of 
the satellite through the ascending node of its orbit, which embraced an 
interval of 151224, 4» 17™, and included 1737 revolutions of the satellite, 
Having calculated the duration of 1737 revolutions of the satellite, from 
the periodic time, as determined by his. father, he found it to be 
151214 15 42m 325.4. This was less than the time deduced from the 
observations, by 12 $4™ 28%. It followed, therefore, that the assumed 
period was a little too short; and from the number of revolutions com- 
prehénded between the two epochs, it was easy to conclude, that the time 
of each revolution required to be lengthened by 26°.06. In this manner 
Sir John Herschel obtained-84 16" 56™ 315.3 for the corrected period of 
the satellite. By pursuing a similar process with respect to the fourth 
adtellite, he determined its periodic time to be 13¢ 114 7™ 13,6, In 
this case, therefore, his father’s period required to be shortened by 
4m 4644, The positions of the satellites, when calculated from. their: 
corrected periods, and the inclination and node of their orbits, as deter- 
mined by Sir William Herschel, exhibited an accordance with the corre- 
sponding observations sufficiently close to establish the general accuracy 
of the theory of both bodies. Sir John Herschel found that the observations 
of the second satellite afforded pretty strong indications of ellipticity.. He 
" alse considered it very probable that the data of the fourth satellite might 
Prove to be equally indicative of elliptic motion, although it would be 
premature to attempt the investigation of this part of the subject *. 

The next astronomer who directed his attention to the satellites of 
Uranus was M. Lamont, of Munich, who, in the autumn of 1837, made 
several accurate observations of the second and fourth satellites with a 
refractor of 15 feet focal length and 104 inches aperture. The main object 
of his observations was to determine the greatest elongations of the 
satellites, with the view of arriving at an accurate knowledge of the mass 
of the planet. He did not, however, omit to derive a new determination 
of the periodic times of both satellites, by a comparison of his own obser- 
vations with those of Sir William Herschel and his son. By means of 
4 series of micrometrical measures he determined the greatest elongation 
of the second satellite to be 317.35, and that of the fourth to be 407.07, 
He also obtained 84 16% 56m 28.5, and 134 115 7™ 55.9 for the times of 
the synodic revolutions of the two satellites +. 

M. Lamont states, in his memoir, that he saw the most distant of the 
six satellites of Uranus on the Ist of October, 1837. This was the only 
verification that had been hitherto obtained of Sir William Herschel's 
observations relative to the existence of other satellites of the planet 
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besides those discovered by him in 1787. Additional light has been thrown 
upon this interesting subject by the observations of astronomers during 
the last few years. he first satellite, or the nearest of the six to the 
planet, has been repeatedly observed by Mr. Lassel in this country, 
and also by M. O. Struve in Russia. Mr. Lassel first saw the satellite on 
the 14th of September, 1847. The observations of M. Otto Struve 
date from the 8th of October of the same year. The Rey. W. R. 
Dawes having instituted a comparison between the results of both these 
astronomers, came to the conclusion that they are incompatible with 
each other upon any supposition whatever relative to the elements of the 
satellite, and upon this ground he has suggested the probability of there 
being two satellites instead of one, revolving within the interior of the two 
old satellites. By a discussion of the observations of Mr. Lassel, he found 
that the apparent distance of the satellite is only 11”, and the time of its 
revolution 24 2" 43™ 65. M. Otto Struve, from his own observations, 
deduced 17’.5 for the distance of the satellite, and 84 22> 10™ for the 
time of its revolution. The hypothesis of the existence of two distinct 
gatellites derives additional support from the fact that Mr. Lassel con- 
stantly saw the satellite on the north side of the planet, while M. Otto 
Struve, on the other hand, invariably saw it on the south side. The latter 
of these astronomers has suggested that the satellite observed by him, like 
the fifth satellite of Saturn, might lose much of its light in the northern 
half of its orbit. Of course a similar remark is applicable, mutatis mu- 
tandis, to the satellite obscrved by Mr. Lassel. It would appear, there- 
fore, that, besides the observations of Mr. Lassel and M. Struve being 
irreconcilable with each other, in so far as the motion of the body is con- 
cerned, there exists an essential distinction between the indications which 
they severally afford, of the physical constitution of the satellite. 

The third, or intermediate satellite, of Sir William Herschel, included 
between the two satellites of 1787, was observed by Mr. Lassel on the 6th 
of November, 1847. No indications of its existence appear to have since 
been obtained by any observer. It is clear that much yet remains to be 
done before anything like a satisfactory view of the Uranian system can 
de arrived at. ‘In the meantime it offers to the astronomer an interest- 
ing field of observation and research; while it holds out in still more 
distant prospective to the geometer, the grounds of one of the most curious 
problems in physical astronomy. : 

The telescopic discovery of the planet Neptune by Dr. Galle, to which 
allusion has been made in one of the preceding chapters, was soon 
followed by the discovery of a satellite of the planet. The science of 
astronomy is indebted for this interesting acquisition to Mr. Lassel, whose 
important discovery in counexion with the Saturnian system (although 
subsequent to the present in the order of time) we have already had 
occasion to mention. On the 10th of October, 1646, Mr. Lassel, while 
engaged in observing Neptune, perceived a small star near it which he 
suspected to be a satellite, but as the planet was soon afterwards lost in 
the rays of the sun, he was unable to obtain anvassurance on this point 
until the following year. Observations made on the 8th and 9th of July, 
1847, proved to him, beyond all doubt, that the object he originally 
perceived was in reality a satellite, and this conclusion was further 
strengthened by repeated observations of it during the course of the two 
following months. It was also observed soon afterwards, at Pulkowa, by 
™M. Otto Struve, and at-Cambridge, U. S., by Prof. Bond. This inte- 
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20 feet focal length, and 2 feet aperture, which he had constructed with 
his own hands. It was the first reward that crowned his successful 
exertions to provide himself with the means of effectually exploring the 
heavens, and it was one to which his ingenuity and perseverance had well 
entitled him *. ; 

As the satellite of Neptune supplies a method for determining the mass 
of the planet, independent of that founded on the perturbations occasioned 
hy the planet, its periodic time and greatest elongation are elements 
the ascertainment of whose true values is manifestly an object of great 
importance. Prof. Pierce of Harvard College, U. S., by combining the 
observations of Messrs. Lassel and Bond, has found the periodic time of 
the satellite to be 54 21" 12.4, and its greatest elongation to be 16.5. 
The corresponding results which M. Otto Struve has deduced from his 
own observations of the satellite, do not exhibit so close an agreement 
with these numbers as is desirable. According to that astronomer the 
periodic time of the satellite amounts to 54 21h 15™, and its greatest 
elongation to 18”. These different determinations of the periddic time 
and distance of the satellite, of course, indicate different values of the masa 
of the planet. The element which offers the principal difficulty to the 
astronomer is the distance. Perhaps some time may elapse before its 
value will be ascertained with sufficient precision, to justify the hope of 
deducing from it the true value of the mass of the planet, an element of 
50 much importance in all researches relative to the movements of those 
bodies upon which the planet exercises a sensible influence. From the 
observations of the satellite, it appears that its orbit is inclined to the 
plane of the ecliptic at an angle of about 35°, but it has not yet been 
ascertained whether the motion is direct or retrograde. 

+ Neptune offers an interesting analogy to the Earth, arising from the 
gircumstauce of its being attended by only one satellite. When, how- 
éver, the rapid advancement of astronomical science in recent times is 
taken into consideration, it will readily be admitted, that it would be 
ynsafe to reckon upon the permanence of this analogy. Huyghens upon 
his discovery of a satellite revolving round Saturn alluded with conscious 
exultation to the resemblance existing between the planet and the earth 
in this respect, as furnishing an argument in favour of the Copernican 
system of tho world of a much more conclusive kind than that supplied 
by the satellites of Jupiter +. Saturn, however, had only accomplished half 

"‘axevolution in his orbit after this remark was made, when Cassini, by his 
discovery of two’ additional ‘satellites, put a term to the fancied resem- 
blance between that planet and the earth. It must be admitted that 
on this occasion at least, the advocate of the immobility of the earth—for 
such Cassini may be accounted to be—gave an effectual reply to the 
reasoning of his unwary antagonist. 


* In connexion with the brief allusion in the text to Mr. Lassel’s labours, it may not 
be out of place to cite the following passage from the Report of the Council 
of the Astronomical Society, setting forth the grounds upon which it was resolved to 
award to him the gold medal of the Society for the year 1848.—“ The simple facts are, 
“that Mr, Lasset cast his own mirror, polished it by machinery of his own contrivance, 
mounted it equatorially in his own fashion, and placed it in an observatory of his own 
Sngineering. A private man, of no large means, in a bad climate, and with littie leisure, 

shag anticipated, or rivalled, by the work of his own hands, the contrivance of his own 
‘ain, and the outlay of his own pocket, the magnificent refractors with which the Em- 
peror ef Russia and the citizens of Boston have endowed the observatories of Pulkowa 
and the Westem Cambridge.”— Month. Proc, Ast, Soc., Feb, 1849, 

+ Opera Varia, tom, ii. p. 531. 
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Of the eighteen satellites which at present are recognised as belonging 
to the planetary system, seventeen would have for ever remained unknown, 
were it not for the aid afforded to human ‘vision by the telescope. Nine 
of these satellites have been discovered exclusively with the refracting, 
and seven exclusively with the reflecting telescope. The remaining 
satellite was discovered by the independent use of two telescopes, one 
of which was constructed upon the refracting, and the other. upon 
the reflecting principle. Of the satellites discovered with the refract- 
ing telescope, four (and these by far the most important ‘of the seven- 
teen) were discovered by the aid of a little instrament resombling in 
principle the modern opera glass. Five were discovered with telescopes 
of immense focal length, constructed upon the principle originally recom- 
mended by Kepler. The achromatic telescope can boast of only one 
triumph, and even that is shared with the reflecting telescope. Of the 
satellites discovered with the reflecting telescope, two were discovered with 
an instrument of 40 feet focal length, and 4 feet aperture ; two, including 
the satellite discovered also with the refracting telescope, with an instra- 
ment of 20 feet focal length, and 2 feet aperture; and four with an 
instrument of 20 feet focal length and 18 inches aperture. 

There ia no department of astronomical science which has been culti- 
vated more assiduously in recent times than that relating to the move- 
ments of Comets. The highly-improved state of the methods of calculation 
relative to this subject, enable the astronomer with comparative ease to 
trace back the motions of comets throughout anterior ages, and by con- 
fronting the results so obtained with the contemporary records of ancient 
comets, in many instances to deduce conclusions of an interesting end 
yaluable character. In this manner, it has been recently found’ tha the 
famous comet of Halley was observed by the Chinese astronomers on the 
occasion of its passage of the perihelion in the year 1378. The earliest 
authentic account of this comet, contained in European records, relates 
to its passage of the perihelion in the year 1456. Halley suspected that 
a comet which appeared in 1380 might he identical with the one of 1682, 
but from the vague terms in which the ancient comet was alluded to, he 
found it impossible to arrive at any trastworthy conclusions on this point. 
No doubt, however, can exist with respect to the comet recorded in the 
Chinese annals. It appears from the researches of M. E. Biot, that a 
very conspicuous comet was observed in China in the year 1378. It first 
appeared on the 26th of September, and it continued’ to be visible during 
forty-five subsequent days. In the work containing the account of this 
comet, there is also a minute description given of the route which it 
traversed among the fixed stars during the period of its, visibility.. In 
order to ascertain whether this comet was identical with Halley's, M. 
Laugier reduced the elements of the latter comet to the perihelion 
passage previous to that of 1456. The most delicate point of this en- 
quiry was the determination of the time of the passage of the perihelion, 
which, after various:trials, he finally fixed on Nov. 8.77, 1878. Having 
then calculated the position of the comet on the 26th of September, 1378, 
and also various positions correspondiug to the period included between 
that date and the 10th of November (on which: day the recorded comet 
was last visible), he found that the apparent path pursued by it agreed 
exactly with that indicated by the observations of the Chinese Astrone- 
mers*, ‘The interval embraced between the perihelion passages of 1878 


* Comptes Rendus, tome xvi, p. 1004; Connaissance des Temps, 1846, 
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and 1456, is longer than any other period of the comet that has been 
hitherto determined by observation *. 

Besides the comets to which allusion has already been made in con- 
nexion with the-theory of gravitation, there are several other bodies of the 
same class which have also been found to revolve in elliptic orbits. It 
may be remarked that the question whether a comet returns periodically 
to perihelion, or whether, after having once visited the solar system, it 
then passes off definitively into the boundless regions of space, may admit 
of being resolved in two different ways. Tho eloments of two or more 
comets may be compared together, and if they should present a close re- 
semblance, it may be inferred that each set of elements rofers merely to a 
different return of the same body. This circumstance will, therefore, 
serve to establish the periodicity of the comet, and the interval included 
between two consecutive apparitions will indicate the time of revolution. 
It was by means of such a comparison that Halley succeeded in establish- 
ing the periodicity of the famous comet which bears his name, and in 
predicting the time of its next return to perihclion. ‘This was the only 
mode of determining the time of a comet's revolution which Newton con 
sideved, to be practicable, for he was of opinion that all comets, without 
exception, revolve in very elongated ellipses, although for the sake of 
simplicity it might be assumed that towards the perihelion the path of 
each comet did not deviate sensibly from a parabola. The great im- 
provements which have been effected in the methods of calculation since 
Newton's time have emboldened astronomers in many instances to an- 
nounce the periodicity of a comet, and to assign the time of its revolution 
by means of observations made on the occasion of only one apparition. 
Thisgmethod is undoubtedly more direct and more generally applicable 
than that founded on the comparison of different apparitions; but the 
results obtained by the employment of it have seldom turned out to be 
satisfactory. The errors of observation bear so large a proportion to 
the deviations from parabolic motion, which, in this case, form the real 
data of the problem, and the are described by the comet, during the period 
of its being visible, is usually so small, that the values assigned to the 
periodic time by different computers, have frequently exhibited a great 
discordance. With respect to many of those comets to which elliptic orbits 
have been assigned, their movements admit of being equally well repre- 
sented by parabolas. It is only in those cases in which it is found to be 
impossible to reconcile the actual motion of the comet with any parabola 
whatever, that the application of the elliptic method may be expected to 
Jead to trustworthy results. 

The great comet of 1680 has been supposed to revolve in an elliptic 
orbit. Halley, by comparing it with several ancient comets, was induced 
to conclude that it accomplished a complete revolution in 575 years. 
Euler and Pingré, severally, calculated its period from the observations 
of 1680; buat the results at which they arrived differed materially 


* The following are the periods which have been derived from the recorded observa: 
tions of the comet. 
From 1878 to 1456 . . . . . 77.58 years, 
1456 ,, 15381. 2... 75.21 
1531 ,, 1607 © 2... 76.15 


1607 ,, 1682. . 2 2. 74.91 
1682 ,, 1759. . . . . 76.49 
1759 ,, 1885 2. 76.68 


‘The mean of these periods is 76.1 years. Comptes Rendus, tome xvi. p. 1006. 
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from each other, as well as from the period which Halley had deduced by 
the light of historical records. : 

In the year 1264, a.p., there appeared a splendid comet, which was 
visible both in Europe and China. From the resemblance of its appa- 
rent path to that of a comet observed in 1556, it has been concluded 
that the two bodies are identical. Such is the view of the subject which 
has been taken by Pingré, Lalande, and various astronomers of the present 
day. Mr. Hind, by a skilful discussion of the recorded observations, has 
arrived at results which render still more probable the identity of the two 
comets. If this be true, the comet ought to return again to perihelion 
about the year 1848, the period being somewhere about 292 years. 
Such would be the case if the motien of the comet was effected solely by 
the central action of the sun. It is necessary, however, to take into ac- 
count the effects of planetary perturbation in determining the precise time 
of return to perihelion. This arduous task has been recently executed by. 
M. Bomme, a geometer of the Netherlands, who has found that the action of 
the planets will retard the comet's arrival in perihelion until the year 1858 
or 1860 *. It is to be hoped that the expected stranger will, in due time, 
respond to the elaborate calculations of which it bas formed the subject. 

The great comet of 1811 was found by Bessel to have a period of 3383 
years. Several other astronomers who have calculated the elliptic ele- 
ments of this comet have obtained results agreeing very nearly yith each 
other and also with that deduced by Bessel. Comets which take such an 
immense length of time to accomplish a single revolution, lose much of 
tho interest which the periodic character of: their movements is otherwise 
calculated to excite. The case is quite different with respect to’ such 
comets as those of Encke, Biela, Faye, and De Vico, which may be ex- 

ected frequently to return to perihelion during the average period of 
eaien life. Two other comets have recently been found to revolve in 
elliptic orbits of comparatively small dimensions. One of these was dis- 
covered by M. Brorsen, on the 26th of February, 1846. Its period has 
been determined to be about five years anda half. The last passage of 
the perihelion took place on the 25th of January, 1846. The other 
comet of short period was discovered by M. Peters, on the 26th of June, 
1846. It has been found by M. D’Arrest that the observations of this 
comet are capable of being represented by an elliptic orbit, with a period 
of 5804 days, or about sixteen years. 

The most splendid comet of the present century was that which appeared 
in the early part of the year 1843. The following elements of its motion, 
calculated by Sig. Capocci, will serve to give an idea of the orbit in which 
it moves. ‘I'hey have been selected for this purpose on account of the peri- 
helion distance coinciding almost exactly with the mean of the perihelion 
distances arrived at by various otlicr astronomers who have computed the 
elements of the comet :— 


Passage of the perihelion, February 27.5643 





Perihelion distance . . . - . . . - 0.00538 
Longitude of the Perihelion . . . . . 277° 52’ 35” 
Longitude of ascending Node . . . . . 354° 48” 50” 
Inclination . . 85° 56’ 55” 


Motion Retrograde. _ 
* Mr. Hind’s clements of the comet of 1556, when employed as the basis of calcula- 


tion, fix the passage of the perihelion in the year 1858, Halley’s elements make the 
passage two years later. 
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It appears from the above value of the perihelion distance that the 
comet approached nearer the sun than any other comet recorded in his- 
tory. The great comet of 1680 had been hitherto the most remarkable 
in this respect of all those comets whose elements had been determined, 
having approached the sun's surface within one-third of his diameter. 
The least distance of the comet of 1843 from the sun's surface did not 
amount to more than one-seventh of the solar diameter. ‘The comet, there- 
fore, approached twice as near the sun as the comet of 1680. 

The immense velocity of the comet of 1843, when revolving in the 
neighbourhood of the sun, arising from the smallness of its perihelion dis- 
tance, occasioned some extraordinary peculiarities in its motion. Thus 
between the 27th and 28th of February it described upon its orbit an 
arc of 292°. Supposing it to revolve in an elliptic orbit, this would leave 
only 68° to be described during the time which elapses until the next 
arrival in perihelion. On the evening of the 27th of February it de- 
seribed the whole of the northern part of its orbit, having occupied only 
2" 11™ in passing from the ascending to the descending -node. It was 
twice in conjunction with the sun on the 27th of February. The first 
conjunction took place at 9" 24™ p.m. The comet was then revolving 
beyond the sun. The second conjunction took place at 12> 15™ p, wy. 
The comet was then passing between the sun and the earth. The time at 
which this interesting event occurred, prevented astroromers from ascer- 
sa whether the comet would have been visible when projeeted upon 
the solar disk *, 

Tt has been suspected that the comet of 1843 is identical with another 
great comet which appeared in the same region of the heavens in the 
year 1668, and which was visible at San Salvador in Brazil, at Bologua, 
and Lisbon. On the evening of the 5th of March the comet was scen at 
San Salvador by Father Valentine Estancel. It then appeared a little 
above the western horizon. he tail measured 23° in length, and resem- 
bled a huge beam of light, extending nearly in a horizontal direction 
from west to south. Its light was so vivid that _persous standing on the 
shore were enabled to discern its reflexion on the sea; but the head was 
80 small as to be scarcely visible}. The comet was observed by the same 
individual on the 7th of March. Cassini observed it at Bologna on the 
10th and 14th of the same month. Drawings of the direction of its tail, 
a8 determined by him on those days, were afterwards communicated by 
Maraldi to the Academy of Sciences }. It isa remarkable fact that if this 
comet be supposed to have passed its perihelion on the 27th of February, 
1668, the Brazilian observations, as well as those of Cassini, will be repre- 
sented with sufficient accuracy by the orbit of the comet of 1843. This 
would assign to the comet a period of exactly 175 years. 

The elements of the comet of 1843 presented also a strong resem- 
blance to those of a comet observed in 1689. The most discordant ele- 
Ment was the inclination, which, in the case of the latter comet, amounted 
to 89° 17’ according to the calculations of Pingré. The same astronomer 
found the passage of the perihelion to have taken place on December 1.6, 
1689. Sig. Capocei, however, remarked. that if the comet be supposed 
to have passed its perihelion on December 3, all the recorded obser- 
Yations will be accurately satisfied by the elements of the comet of 1843, 


* Comptes Rendus, tome xvi., p. 642. + Cométographie, tome ii., p. 22, 
+ Mem. Acad. des Sciences, 1702, p. 107. 
: v2 
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Hence, in order to reconcile this conclusion with that arrived at relative 
to the comet of 1668, it would be necessary to diminish the period of the 
comet to 21 years. But there are other comets which astronomers have 
suspected to be identical with the comet of 1843, especially those of 
1618 and 1702. Capocci, therefore, suggested the probability of the 
period of the comet being somewhere about seven years, remarking that 
this hypothesis would afford a satisfactory account of numerous apparitions 
of comets recorded in history. The opinions of this astronomer have re- 
ceived a remarkable confirmation from the subsequent researches of Prof. 
Pierce and M. Clausen. Prof. Pierce having recomputed the elements 
of the comet of 1689, obtained 30° 25’ for the inclination of the orbit. 
This result agrced almost exactly with that obtained for the inclination 
of the comet of 1843. He also found the passage of the perihelion to 
have taken place on December 2.1463, 1689. M. Clausen having 
discussed the totality of the observations of the comet of 1848, found that 
they would be best represented by supposing the comet to revolve in an 
elliptic orbit, the period of which he fixed at 6.8 years. It is not easy to 
reconcile this conclusion with the fact of the comet not having been 
more frequently recognised on former occasions of its return to peri- 
heliou. ‘his circumstance may be accounted for in some instances by 
the peculiar position of the orbit of- the comet, in others, perhaps, by 
changes in its pliysical constitution, which may exercise a material in- 
fluence on its visibility. 

The physical constitution of comets forms a subject of research at once 
so varied and extensive that it has been deemed expedient to devote a 
separate chapter to an account of the labours of astronomers in con- 
nexion with it. 


CHAPTER XY. 


General Aspect of Comets.—Translucency of Cometic Matter.—Strifiture and* Di- 
mensions of the Envelope.—Description of the Tail—Its Direction and Curva- 
ture.—Peculiarities of Structure.—Dimensions.—Phenomena Observed during the 
Passage of Comets through their Perihelia.— Comet of Halley.-~ Comet of 1799.— 
Variation of the Volume of Comets.—Hevelius.— Newton.— Struve.— Herschel, 
Dissolution of Comets.—Historical Statement of Ephorus.-Comet of Biela. -- Deve- 
lopement ot the Tail.— Comet of 1680.—Comet of 1769.—Anomalous Appearances in 
the Tail. —Instances of Remarkable Comets.——Hypotheses respecting their Physical 
Constitution. —Thgories of the Variation of a Comet’s Volume.—Newton.— Valz.— 
Herschel, --Theories of the Tails of Comets. - Kepler.—Newton.— Electrical Theory.— 
Light of Comets— Appearance of Phases.— Cassini.— Cacciatore.— Polarization of the 
Light of Comets.—Researches of Arago.— Question respecting the Solidity of Comets. 
— Newton. Laplace. — Smaliness of a Comet’s Mass.— Ultimate condition of Cometary 
Bodies.— Opinions of Newton, Laplace, and Herschel on this point. 








THE question relative to the constitution of Comets is one of the most in- 
teresting in the-whole range of celestial physics. There is something in 
the sudden apparition and strange aspect of these bodies which is calcu- 
lated to arrest the attention of the most careless observer of nature. In 
former ages they were regarded with superstitious dread, as manifestations 
of divine displeasure, and the harbingers of impending calamities. Every 
feature in their appearance was gazed ypon with intense ansiety, and was 
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vanced state of civilization has led to juster views of celestial phenomena, 
it has become an interesting branch of study to enquire into the nature of 
comets, and the purposes which they fulfil in the economy of the material 
universe. And although it must be acknowledged that little progress has 
hitherto been made towards obtaining a satisfactory solution of these ques- 
tions, still a multitude of facts have been disclosed by the observations of 
astronomers, which have formed the groundwork of much ingenious specu- 
lation, and have tended to throw some degree of light on the mysterious 
subject to which they relate. 

Comets exhibit various peculiarities by means of which they are readily 
distinguishable from other bodies. ‘The light by which they shine is 
generally pale, compared with that of the planets or stars. The principal 
part of their structure is the head, which presets the appearance of a ne- 
bulous body, more or less condensed towards the centre. Within the head 
a bright point is seen, approaching in lustre to a planet. This is called the 
nucleus of the comet. The nebulosity of the head is surrounded by a 
hazy contour, termed the coma, But the most remarkable part in the 
structure of a comet is the tail, which appears as a long train of light 
issuing from the head. Although these are the more prominent features 
by which comets are in many instances characterised, they are found actu- 
ally to exhibit a great variety of aspect. Miultitudes of comets, which are 
visible only in telescopes, present neither tail nor nucleus; but merely re- 
semble a round mass of vapours slightly condensed towards the centre. 
Even of those comets which are visible to the naked eye there have been 
some which did not exhibit the usual features of these bodies. The comet 
of 1585, observed by Tycho Brahé, possessed neither tail nor coma, but 
appeared perfectly round like a planet*. Various examples of the same 
sort are to be found in the records of astronomical observation. 

The substance of which comets are composed is characterised by an 
extreme degree of tenuity. This has been inferred from the fact that 
stars have been seen through them without exhibiting any sensible dimi- 
nution of lygtre. Even as early as the time of Seneca it was remarked 
that stars were occasionally visible through the substance of comets. It 
might well be supposed that the rude observations of ancient times would 
be incapable of indicating delicate alterations of brightness, even although 
they should exist. Modern astronomers, however, universally agree in 
representing the translucency of cometic matter to be in most gases 80 
perfect as to offer no obstacle to vision. Numerous observations night be 
cited in confirmation of this fact. Thus, on the 9th of Novembeéf, 1795, 
Sir William Herschel observed the comet of that year pass centrally over 
a telescopic double star of the eleventh or twelfth magnitude ; but, not- 
withstanding this circumstance, the smaller of the two component stars 
continued, during the whole time of the transit, to be distinctly visible +. 
Olbers perceived a star of the tenth magnitude through the comet of 
1802; but he was unable to persuade himself that it exhibited any dimi- 
nution of its usual brightness. On the 7th: of November, 1828, M. 
Struve perceived a star of the tenth magnitude within a few seconds of 
the brightest part of Encke's comet; but the light of the star did not 
seem to be enfeebled in the slightest degree. Sir John Herschel, in a 


* Plané rotunda extitit; nec ullam caudam ant barbam in unam magis quam in aliam 
partem portendebat. (Epist. ad Landgrav. p- 13.) 
ae ae a nae pos rey cit, HUGTEY. FT 
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paper on Biela’s comet, which appears in the ‘ Memoirs of the Astrono- 
mical Society,” has mentioned a fact which strikingly illustrates the trans- 
parency of the substance of which comets are composed. ‘The comet 
having passed over a small cluster of stars of the sixteenth or seven- 
teenth magnitude, the appearance presented was that of a nebula, partly 
resolvable into stars. The most trifling fog would have effaced the stars; 
but in the present instance they still continued to be visible, although 
the cometic matter interposed between them and the observer must have 
been at least 50,000 miles in thickness*. 1t might be expected that a 
star when seen through the substance of a comet would suffer an appa- 
rent displacement, from the refraction exercised by the cometio matter 
un the rays of light proceeding from the star to the observer. No such 
phenomenon, however, has ever heen detected by any astronomer. An 
Loportant observation was mude by Bessel, with the view of deciding this 
interesting point, on the occasion of the last apparition of Halley's comet. 
On the 2th of September, 1835, a star of the tenth magnitude ap- 
proached within 7.78 of the nucleus of the comet, but its apparent 
position was not affected iu the slightest degree}. It is manifest from 
this circumstance that, unless the matter of which a comet is composed 
differs in its essential properties from other material substances, it must 
possess a degree of tenuity which is quite inconceivable. 

The nebulosity in which a comet appears enveloped is, in some in- 
stances, separated from the head by a dark space, indicative of a trans- 
parent atmosphere. ‘I'his formed one of the most striking features of the 
great comet of 1811 {. On the side turned towards the sun there appeared 
a semicircular ring of light enveloping the head, but maintained quite dis- 
tinct from it by a dark interval of uniform breadth, through which small 
stars were visible. The opposite extremities of the luminous semicircle 
extended beyond the head in two slightly-diverging streams of light, occa- 
sioning the appendage of the tail. By an attentive examination of the 
different parts of the comet during the period of its visibility, Sir William 

* Herschel was conducted to a remarkable conclusion respecting its strue- 
ture. From the circumstance of the semicircular envelope constantly 
exhibiting the same appearance, he inferred that it was in reality a hollow 
hemisphere; for he justly remarked that, if it was similar in structure 
to the ring of Saturn, it could not fail to undergo a sensible change of 
apparent form, in consequence of the variable position which it assumed, 
arising from the combined motions of the earth and the comet. The 
darkness of the space between the luminous semicircle and the head arose 
from the line of vision not traversing a sufficient depth of the nebulous 
matter to render that part of the envelope visible. This will appear 
manifest when it is considered that the hemispherical envelope was viewed 
‘towards the centre in a direction almost perpendicular to its surface, 
whereas in those parts where the semicircle was visible, the line of vision, 
being a tangent to the surface of the envelope, traversed a much greater 
depth of matter, and thereby occasioned a greater concentration of light. 
From the transparency and uniform breadth of the dark interval which 


* Mem. Ast. Soc., vol. vi., p. 99, et seq. 

+ Connaissance des Temps, 1840, Addit., p. 97. 

+ The year 1811 was distinguished by the apparition of two comets, of which by far 
the more conspicuous was that which first became visible. This is the comet to which 
allusion will be made on every future occasion, when speaking of the comet of 1811, 
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separated the envelope from the head, Herschel concluded that the 
comet was encompassed by an elastic atmosphere. In accordance with 
this supposition, the semicircular ring of light would represent a stratum of 
nebulous tnatter suspended in the atmosphere of the comet, at a consider- 
able distance from the head. 

Observations of many other comets lead to the belief that they essen- 
tially resemble in structure the cumet of 1811, but in every ¢ase the 
apparent form is modified by circumstances depending on the peculiar 
constitution of each body. ‘Thus althoufh the dark interval interposed 
between the envelope and the head was very apparent in the comet of 
1811, yet in most instances such a phenomenon is not discernible. Its 
absence may be accounted for by supposing the stratum of nebulous matter 
to be of sufficient depth to cause it to be everywhere visible. Hence, 
although it be suspended at a considerable elevation above the more con- 
densed portion of the comet, the intermediate space will not be anywhere 
apparent, 

The extreme tenuity of the matter composing the head and the sur- 
rounding nebulosity of comets has been already mentioned. On the other 
hand, the dimensions to which these parts swell out is frequently enormous. 
Herschel found that the head of the comet of 1811 had a diameter of 
127,000 miles*. The diameter of the envelope was found by the same 
astronomer to be at least 643,000 miles +. 

It has been stated that within the head of a comet there is usuatly a 
bright point termed the nucleus. ‘This is the only part of its structure 
which excites any suspicion of a solid substance. Some astronomers, 
however, maintain that the nucleus is composed of nebulous matter, like 
the other parts of the comet, differing fro them only in the superior 
condensation of its particles. An observation of the comet of 1825, by 
Sir John Herschel, tends to support this opinion. Having examined the 
comet with a 10-feet Newtonian telescope, he perceived a stellar point 
which seemed to indicate a solid nucleus. When he sought, however, to 
obtain a stronger assurance on this point, by the aid of a 20-feet reflector, 
the illusion’was speedily dispelled. ‘The comet now assumed the appear- 
ance of a milky irresolvable nebula, the centre exhibiting a round disk, 
with a brightness equal almost to that of a planet, but without a definite 
outline or the least suspicion of a brilliant point t. Bessel’s observations 
of Halley's comet conducted him to a similar conclusion. When the 
comet was examined with a low magnifying power, there appeased within 
ita bright nucleus of measurable dimensions, but when a higher power 
was upplied to the telescope, no such phenomenon was any longer per- 
ceptible §. 

{t would seem from the observations of astronomers, that any indication 
of a solid substance presented by cometary bodies is invariably dispelled 
when the comet is examined with a magnifying power adequate to disclose 
its nebulous structure. A decisive test of the real nature of the nucleus 
of a comet wguld be afforded by an observation of its transit over a star. 
Phenomena of this kind are of very rare occurrence; but instances have 
heen mentioned by astronomers which go to support the opinion that the 
nucleus of a comet is composed of a solid substance. Messier has statedy 
that on the 18th of August, 1774, while engaged in observing the comet 

* Phil. Trans., 1812, p. 121. + Phil. Trans., 1812, p. 123. 


i Mem. Ast. Soc., vol. ii., p. 486, et seq. 
§ Connaissance des Temps, 1840. Addit.. np. 81. 


206 HISTORY OF PHYSICAL ASTRONOMY. 


which Montaigne had recently discovered, he perceived a very small star 
near it, and that after the lapse of about four hours another star became 
visible in its vicinity. He remarked that the circumstance of the one 
star being seen before the other could not be accounted for by supposing 
the second star to have been originally obscured by the glare of the moon’s 
light, since it was equally bright with the first, and he, therefore, came to 
the conclusion that it must have been actually hid behind the solid nu- 
cleus of the comet *. Wartmann has also mentioned that in the year 1828 
he witnessed the extinction of the light of a star of the eighth magnitude 
by the passage of Encke’s comet over it. Neither of these observations 
have been deemed sufficiently trustworthy to warrant the conclusion that 
the nucleus of a comet is in any instance a real indication of a solid body. 
On the other hand, there is no decisive proof that the nucleus is wholly of 
nebulous structure, for in all those cases that have been cited to demon- 
strate the extreme tenuity of cometic matter, there has either been no ap- 
pearance of a nucleus at all, or the comet has not passed centrally over the 
celestial body. Bessel is of opinion that until some unequivocal transit of 
the nucleus of a comet over a star be observed, it will be impossible to 
arrive at any positive conclusion respecting its physical structure +. 

Attempts have becn made to determine the absolute magnitude of the 
nucleus of a comet by the measurement of its apparent diameter. In 
this manner Schroeter found that the nucleus of the comet of 1799 had a 
dianteter of 878 miles. Sir William Herschel, by a similar process, found 
that the nucleus of the comet of 1807 had a diameter of 538 miles. The 
same astronomer computed that the nucleus of the second comet of 1811 
measured 2637 miles in diameter. These results are very uncertain, 
in consequence of the smaliness of the angles which the nuclei of comets 
usually subtend; moreover, the phenomenon of a nucleus may be wholly 
illusory, as certain observations already cited would seem to indicate. 

It has been stated that the tail of a comet usually appears as an exten- 
sion of the nebulosity enveloping the head. The two luminous streams 
composing it-continue to appear quite distinct even at some distance from 
the head, but towards their extremities they gradually become confounded 
together by means of scattered light pervading the space between them. 
An attentive examination of the appearance presented by the tail of the 
comet of 1811, during the period of its visibility, led Sir William 
Herschel to a conclusion respecting its structure, analogous to that which 
corresponding observations of the envelope had suggested to him. He 
found, in fact, that the two luminous streams proceeding from the op- 
posite sides of the envelope continued to form the bounding sides of the 
tail in every position in which the comet was viewed. This is the con- 
sequence that would ensue if the tail had been in. reality composed of 
a hollow cone of matter ‘attached at its narrower extremity to the hemi- 
spherical envelope; for the line of vision, being a tangent at the sides, 
traversed a much greater depth of matter than towards the middle, 
where it was perpendicular to the surface of the cone. id 

Thee direction in which the tail extends relatively to the head is gene- 
rally opposite to that in which the sun is situated. Appian is the first of 
Kuropean astronomers who remarked this fact, having been led to its 
discovery by his observations of the comet of 1531, and of four other 
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comets which appeared between 1331 and 1539. Strictly speaking, in- 
deed, the axis of the tail does not coincide exactly with the prolongation of 
the line joining the sun and the comet. It generally inclines towards the 
region in which the comet has been recently moving, and as the inclina- 
tion increases with the distance from the head, it will necessarily exhibit 
aslight curvature. This deviation of the tail from a rectilinear direction 
is more especially remarkable when the comet is near the perihelion. It 
has been generally found, ‘also, that the tail appears brighter and better 
defined on the convex or preceding side, than it dees on the opposite 
side *, 

Although Appian has undoubtedly the merit of being the first of Euro- 
pean astronomers who discovered that the direction of the tails of cometa 
is usually opposite to that of the sun, it appears from the researches of the 
late M. Ed. Biot, that the same fact was known to the Chinese astronomers 
ata much earlier date. In the annals of the Dynasty of Thong, which 
reigned in China between the years 618 and 907 of the Christian era, 
there is an account of a comet which appeared on the 22nd of March, 837, 
and the following days. The account concludes with this remark, “In 
general when a comet (literally a broom) appears in the morning, the tail 
extends towards the west; when it appears in the evening it extends 
towards the east. This is a constant rule.” + 

Comets haye occasionally been observed, the tails of which have been 
characterised by remarkable peculiarities; Chésaux states, that the comet 
of 1744 had six tails spread out in the form of an immense fan. Accord- 
ing to Bessel, the comet of 1807 had two tails, one making an angle of 8° 
with the prolongation of the radius vector; the other, which was fainter, 
making an angle of 29° with it. The comet which appeared towards the 
close of 1823 had two tails, one extending in the usual direction, the 
other turned almost towards the sum. Lateral tails have also heen occa~ 
sionally seen. Thus, during the first three days of March, the great 
comet of 1843 was observed at Chili to have a lateral tail issuing from the 
original one at a distance of 10° from the head, and extending to a much 
greater length than the other ¢. . 

The tails of comets frequently exhibit an imposing aspect in conse- 
quence of their immense apparent lengths. According to Longomontanus, 
the great comet of 1618 extended over an arc of the heavens equal to 
104°, The tail of the comet of 1680 measured 90° at Constantinople. 
Chésaux states that the six tails of the comet of 1744 varied in lerigth 
from 30° to 44°. According to Pingré, the tail of the comet of 1769 
appeared 97° long in tropical countries. The tail of the comet of 1843 
was Observed, under the same favourable circumstances, to extend over 
an arc of 65°, : 

It is to be remarked that the foregoing measures cannot be considered 
as possessing the character of definitive results. The tail of a comet is, 
in fact, found to vary in apparent length in different climates, indicating 
thereby that its aspect depends, to a certain extent, on the state of the 

. 


* This phenomenon appears to have been first remarked in the great comet of 1618. 
Wendelin, in a passage cited by Hevelius, describes it with great perspicuity in the fol 
lowing terms:—* Cauda pro motu capitis tracta, instar cornu incurvabatur modicé, 
atque ad eam partem qua findebat sibi atherem plané glabra densior erat ac compactior; 
retrd vero solutior ac villosior.” (Cometoyraphia, p. 455.) 

+ Comptes Rendus des Sciences, tome xvi., p- 751. 
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atmosphere through which it is viewed. Thus, at Paris, the tail of the 
comet of 1680 was 62° long; at Constantinople it was 90°. The tail of 
the comet of 1769 was 48° long at London on the 9th of September. On 
the same day it was 55° long at Paris; at the Isle of Bourbon it was 60°; 
at Teneriffe it was 75°. On the 11th of September it was 90° at sea; at 
the Isle of Bourbon it was 97°*. ‘The tail of the comet of 1843 did not 
measure more than 40° in England or France ; in tropical countries it was 
found to extend over an are of 65°. 

The absolute lengths of the tails of some comets are still more caleu- 
lated to excite surprise than their apparent lengths. The tail of the great 
comet of 1680 was 96 millions of miles long. The tail of the comet of 
1769 had an absolute length of 38 millions of miles. According to 
Herschel, the tail of the comet of 1811 must have been more than 100 
millions of miles long on the Loth of October. The tail of the comet of 
1848 attained a length of 150 millions of miles. 

The apparent breadth of the tail of a comet seldom exceeds a few 
degrees. Each of the six tails of the comet of 1744 was 4° broad. The 
tail of the comet of 1811 was found by Herschel, on the 12th of October, 
to have a maximum breadth of 6°45’. Small as these measures may 
appear to be, they indicate absolute dimensions of very considerable mag- 
nitude. Thus Herschel found that, on the 12th of October, the greatest 
annular section of the tail of the comet of 181} had an absolute diameter 
of 15 millions of miles }. 

It is obvious, from the foregoing results, that the volumes of the tails of 
comets must be enormous. Nor is there any difficulty in accounting for 
such vast emanations from the comparatively small dimensions of the 
head, for such is the excessive tenuity of the substance composing the tail 
of a comet, that a very small quantity of matter would suffice for its pro- 
duction, Newton, with the view of illustrating this point, calculated that 
if globe of common atmospheric air, one inch in diameter, was expanded 
so as to have an equal degree of rarity with the air situated at an elevation 
above the earth’s surface equal to the earth's semi-diameter, it would fill 
the whole planetary regions as far as the sphere of Saturn, and would even 
extend a great deal farther {. 

The phenomena exhibited by one of the more conspicuous comets during 
the pertod of its apparition afford unequivocal indications of the powerful 
influence exercised by the sun upon the physical constitution of these 
bodies. When a comet first becomes visible previous to its passage of the 
perihelion, it usually presents the appearance of a pale nebulous body with 
a point more or less bright in the centre, hut without any trace of coma or 
tail. As it continues to approach the sun the nebulosity becomes more 
apparent, and the head exhibits an increased degree of brightness, on the 
side which is turned towards the sun, subject, however, to variations of an 
exceedingly irregular character. The tail at the same time comes into 

” view, and gradually increases in length. After the passage of the peri- 
helion, the same succession of changes occurs in a reverse order, the comet 
finally assuming the appearance presented by it when it first became 
visible, and soon afterwards vanishing altogether from observation. The 
phenomena witnessed on the occasion of the last apparition of Halley's 
comet, both before and after the passage of the perihelion, are highly 


* Cométographie, tome ii., 
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interesting and suggestive. Previous to the 2nd of October, 1835, the 
comet presented merely a round nebulous disk, with a faint nucleus in the 
centre. When observed by Bessel on the evening of that day, the nucleus 
was found to have suddenly acquired a high degree of brilliancy, and from 
it there appeared to issue, on the side towards the sun, a cone of light 
which, after extending to a short distance from the head, was observed to 
curl backwards, as if impelled by a force of great intensity directed from 
the sun, This outstreaming cone continued to be visible, in the form of 
a luminous sector of a circle, until the 22nd of Qctober. When observed 
from night to night it was found to vary constantly in magnitude and 
brightness. The direction of the axis of the cone was also variable. 
Bessel discovered, by a strict analytical investigation, founded on its 
observed positions, that it oscillated to and fro on each side of the line 
joining the comet and the sun. These oscillations were generally very 
rapid, the lapse of a few hours in some instances sufficing to render them 
sensible. It is a remarkable fact, that the night on which these inte- 
resting phenomena first manifested themselves, was also signalized by the 
commencement of the tail of the comet. It is impossible to doubt that 
this appendage derived its origin from the nebulous matter which had 
been in the first instance raised from the head by a force directed to the 
sun, and was subsequently impelled by a powerful force in the opposite 
direction. While these curious phenomena were in course of being 
developed, the nucleus of the comet exhibited great variations of bright~ 
ness. On the 12th of October it presented to Bessel a measurable 
diameter, when observed with a magnifying power of 179°; it did not 
even lose its planetary aspect until a power of 290° was applied. On the 
14th it suddenly became much fainter. With a power of only 90° it lost 
the appearance of a solid body *. 

When the comet was observed by Sir John Herschel at the Cape of 
Good Hope, after its passage of the perihelion, the appearance presented 
by it was totally different from what it had been a few months previously. 
When examined through a telescope on the 25th of January, it did not 
exhibit any trace of a tail, but simply resembled a round nebulous body 
about 2’ in diameter, surrounded by a coma of great extent. Within the 
disk there appeared a small bright point, in a position somewhat eccentric, 
from which there issued towards the circumference, in the direction opposite 
to that of the sun, a ray of highly condensed light. ‘The comet, in fact, 
seemed to contain within it another miniature comet, having a nucleus, 
head, and tail of its own, perfectly distinct from the surrounding nebu- 
losity +. As the comet receded from the sun the head began to dilate, 

* Connaissance des Temps, 1840, Addit., p. 82. er 

+ A similar appearance was remarked in the great comet of 1618. The following 
account of it, extracted from Kepler’s “Treatise on Comets,” may, perhaps, not prove 
uninteresting to the reader: —* Et quid probat evidentius eundem effluxum caude a 
capite, quam illud mirabile, quéd ut in cometa anni 1618, nucleus quidam, interior, 
solidior, et luminosior ; sic in cauda radius singularis, specie medulle in arbore, 4 Romanis 
inter initia in medio, a me et Schickardo posterioribus diebus ad alterum latus, est obser- 
vatus; quasi ut tota cauda toto capite, sic illa conspicua pars caude A conspicuo capitis 
nucleo de fapsa sit (De Cometis, p. 103). The above description presents a remarkable 
agreement in several points with Sir John Herschel’s account of the curious phenomenon 
witnessed by him in Halley’s comet. From the circumstance of the nuclear ray having 
been seen by Kepler towards one of the sides, instead of in the middle, as at Rome, 
Pingré seems disposed to believe that it was no other ihan the ordinary luminous edge of 
the comet’s tail. Without insisting, as an objection to this conclusion, that there wag 
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while at the same time its light grew fainter; also, in consequence of sue- 
cessive additions to its length, it gradually assumed the form of a section. 
of a paraboloid. The head, or rather the paraboloidal envelope, continued 
to enlarge with extraordinary rapidity, maintaining all the while the utmost 
regularity of form and sharpness of outline. At the same time it gradually 
diminished in brightness, until at length it disappeared simply from want of 
light to render it visible. In the direction of the axis of the paraboloid a faint 
elongation finally appeared, indicative of a tail; but no decided manifesta- 
tion of such an appendage was witnessed on any occasion subsequent to the 
passage of the perihelion. The nuclear ray continued to emit the same 
vivid light, increasing in Jength and constantly maintaining a position 
coincident with the axis of the paraboloid, until, after some time, it 
gradually grew fainter, and finally ceased to be visible. The nucleus, on 
the other hand, which at first did not seem to undergo any change, ulti- 
mately exhibited a decided increase of relative brightness. When the 
comet was last seen, on the 5th of May, 1836, it presented exactly the 
same aspoct as it did when it first became visible in the month of August 
of the previous year. 

Phenomena more or less resembling those above described have been 
found to manifost themselves on the occasion of the passage of all great 
comets through their perihelia. It seems to be pretty well established, 
that the more tumultuous chenges usually take place during the period 
when the comet is approaching the sun. Those which occur after the 
passage of the perihelion appear to be of a more quiescent nature, indi- 
cating the gradual relapse of the body into the condition in which it was 
when originally seen after returning from aphelion. This circumstance 
clearly points to the sun as the exciting cause of these wonderful 
changes in the constitution of comets, whatever be the nature of the forces 
which are called into operation by his agency. Sometimes, indeed, pheno- 
mena of a rapidly fluctuating character are observed n little after the 
passage of the perihelion. Such was the case with respect to the comet 
of 1799, according to Schroeter. This comet passed its perihelion on the 
7th of September. Nothing unusual in its appearance was remarked 
until the 16th of that month, when Schroeter perceived that the nucleus 
was suddenly reduced to two-thirds of its former size. Between the 20th 
and 2ist of the same month, the surrounding nebulosity had diminished 
to the extent of one-fourth. On the 22nd the nucleus burst out with 
renewed splendour, and continued to exhibit the same brilliant appearance 
until the 25th, when it again became extremely faint. The fact of these 
changes occurring after the comet had passed its perihelion is, doubtless, 
to be ascribed in some degree to the peculiar constitution of the comet, 
which may have rendered it less susceptible to the influence of the sun 
than is usually the case; but more especially to the cireumstance that the 
accumulated effcet of the sun's action may naturally be supposed not to 
have attained its maximum until a little after the comet had begun to 
recede from the sun. 

It has been stated that the paraboloidal envelope of Halley's comet was 


the ray from the nucleus, that the phenomenon was one of a totally different nature. 
It is worthy of notice that the ray was first scen on the 30th of November, 1618. Its 
appearance was, therefore, subsequent to the comet's passage of the perihelion, which, 
according to Halley, took place on the 8th of the same month. Here, then, is another 
point of resemblance between the phenomenon and the appearance of Halley’s comet in 
the early part of the year 1836, 
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observed to increase rapidly in dimensions after the passage of the peri- 
helion. A similar enlargement of the comet of 1652 was found by Heve- 
lius to take place as it continued to recede from the sun. According to 
the calculations of that astronomer, the linear diameter of the comet had 
increased, between December 20 and January 12, in the proportion of 
1 to 24%, He mentions that when it was about to disappear it almost 
equalled the sun in absolute magnitude. 

The curious fact of a comet swelling out in dimensions as it continued 
to recede from the sun, did not escape the attention of Newton. While 
admitting it to be true, upon the authority of Heyvelius, he remarked, on 
the other hayd, that comets diminish in volume in the course of their 
approach to the sun, attaining their minimum dimensions a little after the 
passage of the perihelion. ‘Thus the comet of 1680, in the month of 
November, appeared like a star of the first or second magnitude ; but in 
the following month it did not exceed a star of the third magnitude +. _ 

The interesting fact of a variation of the absolute magnitude of a comet 
depending on its distance from the sun, does not appear to have attracted 
auy attention for a long time after the publication of the Principia. Pingré, 
in his great work on Comets, denies the truth of [levelius’ statement respect- 
ing the enlargement of the comet of 1652 in the course of its recess from the 
sun, upon the ground that the observations of the comet, when rightly inter- 
preted, do not lead to such a conclusion }. On the other hand, he appears 
disposed to admit that comets diminish in volume as they approach the sun§. 
Both the alleged diminution previous to the passage of the perihelion, and 
the subsequent enlargement, have been confirmed by the observations of mo- 
dern astronomers. M. Struve established beyond doubt, by a series of micro- 
metrical measures, that Encke's comet continually diminished in volume as it 
approached the sun, on the occasion of its passage of the perihelion towards 
the close of the year 1828. On the 28th of October, when the distance 
of the comet from the sun was 1.4617, the diameter of the head was 79.4, 
On the 24th of December, when the comet had arrived in perihelion, and 
the distance was only 0.5419, the diameter of the head was 3.1{|. The 
comet, therefore, during the intermediate period, had diminished in linear 
dimensions in the ratio of 25 to 1, and consequently it had collapsed into 
about the sixteen-thousandth part of its original volume. Sir John Her- 
schel's observations of Halley's comet are equaily conclusive with respect 
to an enlargement of volume having taken place simultaneously with the 
recess of the comet from the sun. During the interval embraced between 
the 25th of January, 1836, and the Ist of the following February, the 
volume of the comet was found by that astronomer to have increased in 
the proportion of 1 to 41.605 The different explanations which have 
been advanced of the variation of a comet's yolume depending on its dis- 
tance from the sun will be noticed presently. 

Since comets in some instances approach nearer the sun than any of the 
planets, they experience a degree of heat during their passage of the perihe- 
lion of which it is difficult to form an adequate conception, Newton caleu- 
lated that the great comet of 1680, when passing through its perihelion, was 
subjected to a heat 2000 times greater than that of red-hot iron. The comet 
of 1843, which approached still nearer the sun, must have been exposed to 
a heat of even, greater intensity. Sir John Herschel has computed that the 
* Cometographia, p. 331. + Principia, lib. iii., prop. 41. 
$ Cométographie, tome i., p. 125. § Ibid, tome ii., p. 193. || Annuaire, 1832, 
4 Results of Astronomical Ohears: A sie Serle 5 le peg 
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heat received by its surface during the passage of the perihelion was 
equal to that which would be received by an equal portion of the earth's 
surface, if it were exposed to the influence of 47,000 suns, placed at the 
common distance of the actual sun. He has also shown that the heat 
to which the comet was subjected on the same occasion must have ex- 
ceeded the heat concentrated in the focus of Perkins’ great lens in the 
proportion of 244 to 1; although the heat in the latter instance was so 
great as to have melted carnelian, agate, and reck crystal*! It is not easy 
to conceive how a flimsy substance such as that of which a comet appears 
to be composed, can effectually resist such an intense heat so as not 
to be dissipated in space. ‘I'he ingenious views of Laplace on this point 
will be mentioned when we come to speak of the various hypotheses which 
have been advanced relative to the physical constitution of comets. 

A signal manifestation of the influence of the sun is sometimes afforded 
by the breaking up of a comet into two or more separate parts on the occa- 
sion of its approach to the perihelion. Seneca relatesgthat Ephorus, an 
ancient Greek author, makes mention of a comet which, before vanishing, 
was seen to divide itself into two distinct bodies 1. The Roman philoso- 
pher appears to doubt the possibility of such a fact; but Kepler, with cha- 
racteristic sagacity, has remarked that its actual occurrence was exceedingly 
probable}. ‘The latter astronomer further remarked that there were some 
grounds for supposing that two comets, which appeared in the same re- 
gion of the heavens in the year 1618, were the fragments of a comet that 
had experienced a similar dissolution. Hevelius states that Cysatus per- 
ceived in the head of the great comet of 1618 unequivocal symptoms of a 
breaking up of the body into distinct fragments. The comet, when first, 
seen in the month. of November, appeared like a round mass of concen- 
trated light. On the 8th of December it seemed to be divided into several 
parts, On the 20th of the same month it resembled a multitude of small 
stars§, Hevelius states that he himself witnessed a similar appearance in 
the head of the comet of 1661 ||. 

The foregoing statements respecting the dissolution of comets cannot 
be admitted without a certain degree of reserve, in consequence of the 
imperfect nature of astronomical observation in early times. The case is 
different with respect to Biela’s comet, which was observed to separate itself 
into two parts ou the occasion of its approach to perihelion in 1846. The 
circumstances relating to this remarkable event have been already alluded 
toina former chapter. It is impossible to doubt that it arose from the 
divellent action of the sun, whatever may have been the mode of ope- 
ration. 

The developement of the tail of a comet is usually regulated by the 
changes which occur in the head and nucleus. Its formation generally 
commences when the comet is descending towards the sun, but in most 
instances it does not acquire its greatest length, nor does it shine with its 
full splendour, until a little after the passage of the perihelion. This is 
what might naturally be expected, if the sun be supposed to be the prin- 
cipal agent in the production of the tail. The following account of the 
progress of the tail of the great comet of 1680 is extracted from Newton's 
Principia. This comet passed its perihelion on the 8th of December. On 
the 6th of November it exhibited the aspect of a round nebulous body. 

* Outlines of Astronomy, p. 370. + Quest. Nat., lib. vii., cap. xvi. 


$ De Cometis, p. 50. § Cometographia, p. 341. 
{| Cometographia, p. 417. ‘J See p. 136. 
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On the 11th the tail just became visible. When observed through a ten- 
feet telescope it appeared half a degree long. On the 17th it was observed 
at Rome to be more than 15° in length. On the 18th it appeared 30° long 
in New England. On the 12th of December it was observed at Rome to 
be 70° long. On the 5th of January its length was found by Newton to 
be 40°. On the 25th it measured only 6° or 7°, and appeared very faint. 
On the 10th of February it was only 2° long. On the 25th the comet was 
Seen without a tail, and shortly afterwards disappeared entirely from 
observation. 

The following account of the progress of the tail of the great comet of 
1769 will afford a still more striking illustration of the agency of the sun 
in the developement of these singular appendages, inasmuch as all thé 
observations of the comet were made at the same place and by the same 
individual. On the 8th of August, 1769, Messier, while engaged in explor- 
ing the heavens with a two-feet telescope, perceived a round nebulous 
body which turned out to be a comet. On the 13th of the same month 
the tail became visible to the naked eye, and appeared to be about 6° in 
length. On the 28th it measured 15°. On the 2nd of September it was 
36° long. On the 6th it was 49°. On the 10th it was 60°. The comet 
having now plunged into the rays of the sun, ceased to be visible, On the 
8th of October its passage of the perihelion took place. On the 24th of 
the same month it reappeared, after emerging from the rays of the sun. 
The tail now measured only 2° in length. On the Ist of November it 
measured 6°, On the Sth of the same month it was only 24° long. On 
the 30th it measured 14°. The comet henceforward ceased to be visible*, 

Sometimes the luminous streams which form the bounding sides of the 
tail of a comet appear to undergo variations in their length of considerable 
rapidity and magnitude. Phenomena of this nature were noticed by Her. 
oe in the tail of the comet of 1811. He suspected that they arose from 
a rotatory motion of the tail, which caused its different parts to be trans- 
ported in succession to the apparent sides, whence, by supposing the hollow 
cone of which it was composed to be irregularly terminated, a succession 
of apparent changes would take place, resembling those actually perceived. 
Similar variations, indicative of a rotatory motion, were also witnessed in 
the tail of the comet of 1825, by Mr. Dunlop, at Paramatta. 

Phenomena of a still more fleeting and irregular nature are alleged to 
have been observed in the tails of comets. Kepler states that the tail of 
the comet of 1607, which at one time appeared short, would, in the twink- 
ling of an eye, become very longt. According to Cysatus, the tail of the 
comet of 1618 exhibited undulations, as if it had been agitated by the wind. 
Hevelius kas mentioned that he perceived similar undulations in the tails 
of the comets of 1652 and 1661; and Pingré has still more recently 
asserted the same thing with respect to the comet of 1769. To this class 
of phenomena may be referred a remarkable appearance witnessed in the 
great comet of 1843. On the 11th of March Mr. Clerihew, who observed 
the comet at Calcutta, found that since the previous evening it had darted 
forth a new tail, nearly twice as long as the original one, and forming with 
it an angle of 18°. This supplementary tail was not seen on any other 
night during the visibility of the comet. 

Before attempting to describe the various hypotheses that have been 
formed respecting the physical constitution of comets, it may not be out 





* Mém. Acad. des Sciences, 1775, p. 892, et seq. + De Cometis, p. 102, 
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of place to give a brief account, by way of illustration, of some of the more 
remarkable apparitions of bodies of this class which have been recorded in 
history. 

Diodorus Siculus has stated that in the first year of the 102nd Olym- 
piad (or the year 371 a.c.) there appeared in the heavens a train of light 
of extraordinary splendour. ‘his remarkable phenomenon was believed to 
have presaged the destruction of the Achaian cities Helix and Buris. Aris- 
totle alludes to the same comet in his treatise on Meteors. He says that 
on the first night the head was not seen, having been too near the sun. 
On the secong night it had removed a little from the sun, and was visible 
for a short #@fpe im the evening. After it set the tail was still seen as a 
“brilliant train of Fant, extending over a third of the heavens, or, in other 
words, over an are of 60°. . 

Tn the year 43 a.c., during the celebration of the games in honour of 
Venus, there appeared a comet at Rome, which could be discerned before 
sunset. ‘This celestial prodigy continued to he visible for eight successive 
days. The poets flattered Augustus with the belief that it was the 
departed soul of his great relative Julius Cresar, who had been recently 
assassinated, Jt has been already mentioued that Ilalley suspected this 
to be an apparition of the great comet of 1680. 

In the yeur 1106, a.p., there appeared a magnificent comet, which was 
visible over all Europe. Matthew Paris says that it was seen at a distance 
of only one cubit from the sun. It is easy to conclude from this remark 
that the comet was visible in the daytime. The head was small and 
obscure, but the tail is stated by various writers to have been an object of 
terrific splendour, which was seen like a fiery beam stretching from the 
west towards the north-east regions of the heavens. This is also believed 
to have been an apparition of the comet of 1680. 

In the summer of 1264 a great comet appeared, which is mentioned by 
almost every contemporary historian of Europe. An account of it is also 
contained in the Chinese Annals, which presents a satisfactory agreement 
with the statements of the western writers respecting it. This magnificent 
comet is said to have been accompanied by a tail 100° Jong. It was gene- 
rally believed that the object of its apparition was to announce the death 
of Pope Urban TV., who expired in the following October. We have 
already mentioned that this comet is supposed to be identical with a comet 
which appeared in 1556, and that its return in the present day is expected 
with a considerable degree of confidence by astronomers. : 

The year 1492 was iistinguished by the appearance of two of the most 
splendid comets recorded in history. ‘The first became visible about the 
middle of February. As it continued to approach the sun it increased in 
magnitude and splendour, until at length, towards the end of March, it 
became visible in broad daylight. The tail when first seen was short, but 
it increased with great rapidity, and ultimately exhibited an immense 
apparent length. 

The second comet of 1402 appeared in the month of June. It was ob- 
served in Italy, Germany, and the countrics of the East. Like the first 
comet of the same year, it was visible in the daytime. After sunset the 
tail was seen extending from the horizon to the zenith. It is said to have 
been so bright as to have eclipsed the light of the stars, but this is a mani- 
fest exaggeration. 

In the year 1456 there appeared a magnificent comet, which was visible 
over all the countries of Europe. The tail is stated to have been 60° long. 
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This comet spread universal consternation, in consequence of its apparition 
being simultaneous with the capture of Constantinople by the Turkish 
army. In order to ward off the evil consequences which might ensue from 
its influence, Pope Calixtus IL. ordered prayers to be offered up in all 
the Western churches. He also issued a bull, in which he anathematized 
both the Turks and the comet. Tt is hardly necessary to state that while 
the followers of the crescent did not fail to acquire permanent possession 
of the ancient capital of the Eastern Empire, notwithstanding the means 
+ that were employed by the Papal Church to arrest their progress, so in like 
manner the comet continued with the same tranquillity as fotmerly to pur- 
sue its path throughout the heavens. This is now known to have been an 
apparition of the famous comet of Halley. = 

According to Cardan, a comet which appeared in 1532 was seen by the 

inhabitants of Milan in full sunshine. This comet is supposed to be iden- 
’ tical with one of those which appeared in 1402, and also with a comet 
which subsequently became visible in 1661. 
The comet of 1577 was one of the most conspicuous of modern times, 
- It was first seen by Tycho Brahé before sunset, as he was returning home 
after taking some fish out of a pond. This comet is remarkable for being 
the first that was demonstrated to revolve beyond the moon's orbit, 

The seventeenth century is peculiarly fertile in great comets. It was 
distinguished by two apparitions of Halley's comet, namely, those of 160a 
and 1682. The third comet of 1618 was one of the most splendid of 
modern times. Its more remarkable features have been already mentioned. 
‘The comet of 1652 is said by Hevelius to have been of such magnitude as 
to have resembled the moon when half full; only it shone with a pale 
and dismal light. This comet is otherwise interesting to the astronomer 
on account of the minuteness with which the various phenomena relating 
to it have been described by the assiduous observer just mentioned. An 
account has already been given of the huge comet of 1668, which was seon 
in the countries of the south of Europe and in Brazil. The comet of 1680 
3s memorable for the magnificent tail by which it was accompanied ; for its 
near approach to the sun; but aboye all, for having furnished the data by 
means of which the immortal Newton succeeded in demonstrating that 
comets are guided in their movements by the same principle as that 
which controls the planets in their orbits: The comet of 1689, which 
was visible only in southern countries, had a tail 68° long. It has been 
already mentioned that there exist good grounds for believing it to have 
been identical with the great comet of 18.43. i 

Although ihe cighteenth century is Jess prolific in apparitions of great 
comets than that mmmediately preceding, it is notwithstanding distin. 
guished by two of the most remarkable recorded in history. The comet of 
1744 is one of the few comets which have been seen in full sunshine. On 
the Ist of February it appeared more brilliant than Sirius. On the 8th it 
equalled Jupiter. “On the Ist of March it Was visible to the naked eye at 
one o'clock in the afternoon, five hours only having then elapsed since its 
passage of the perihelion. The singular appearance of the tail of this 
comet has been already mentioned. “Lhe comet of 1769 is especially me- 
morable for the immense tail by which it was accompanied. 

The first comet of 1811 was one of the most conspicuous of the present 
century. It is especially remarkable for the length of time during which 
it continued to be visible. The comet of 1843, to which allusion has been 
so frequently made, was in many respects one of the most remarkable of 
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modern times. Like a few other comets, it was visible in broad daylight. 
At noon on the 28th of February it was distinctly seen without the aid of 
glasses, by numerous persons congregated in the streets of the city of Bologna 
in Italy. It then appeared to the east of the sun, at a distance from his disk 
of about two diameters. On the same day it was seen under similar cir- 
cumstances, in various parts of the world. Whenit had sufficiently extricated 
itself from the rays of the sun to be visible in the evening, it appeared with 
extraordinary magnificence, especially in tropical countries. ‘he head 
was very conspicuous, but the most striking part. of the comet was the tail, 
which resembled an immense beam of light, extending over an are of 60° 
or 70°. Unfavourable weather prevented this magnificent comet from 
being visible in England or any of the northern countries of Europe previous 
to the 17th of March. On the evening of that day, a little after sunset, 
the tail became visible in the western horizon, but the head had already 
set. On the following evening the whole of the comet was seen. The 
head was small, but the tail was a brilliant object, extending over an arc 
of the heavens of about 40°. It continued to appear with great splendour 
on the following evenings, but it rapidly grew fainter, and finally disap~ 
por altogether from observation about the beginning of April*. It has 
een already mentioned that this comet is remarkable for having approached 
nearer the sun than any other comet recorded in history. 
» It now remains to give some account of the various hypotheses that have 
been formed respecting the physical constitution of comets, and of the 
explanations that have been founded upon them, of the more prominent. 
phenomena exhibited by these bodies. Although Tycho Brahé, by prov- 
ing that comets traverse the regions beyond the moon’s orbit, transferred 
them from the category of substances generated in the terrestrial atmo- 
sphere, he still left the question undecided whether they are bodies 
forming permanent members of the solar system, or whether they are 
mere masses of vapour, liable to be dissipated into space by the action of 
the sun or any other similar body ucar which they may happen to pass in 
the course of their erratic movements. ‘That comets are either wholly or 
partially composed of a gascous substance, appears to be admitted by every 
philosopher who has sought to arrive at some definitive conclusion respecting 
their physical structure. Kepler supposed them to be bodies of transient 
duration, which spin out their fleeting existence by a process of evapora- 
tion conducted through the medium of their tails. Newton, on the other 
hand, was of opinion that comets are composed of a partially solid sub- 
stance. Ile imagined that the matter susceptible of evaporation forms an 
extensive atmosphere round the comet, which is gradually dissipated into 
space by the action of the solar heat, the vaporised particles, as in Kepler's 
theory, occasioning the appendage of the tail in the course of their recess 
from the head, According to another hypothesis, the nebulous matter thus 
raised from the comet is not wholly projected into space, the greater por- 
- tion being again precipitated upon the head, in consequence of the dimi- 
aes of temperature.which takes place during the comet’s recess from 
the sun. 
It has been already mentioned that the assertion of Hevelius, respecting 
the variation of the volumé of comets depending on their distance from 
the sun, has been confirmed to a certain extent by the observations of 


* For a great number of interesting particulars relative to this remarkable comet, see 
the Comptes Rendus, tome xvi. pp. 597, 605, &e. &e. &e, 
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modern astronomers. Newton's theory of the projection of the cometic 
atmosphere into the tail, and its subsequent dispersion into space, suffi- 
- ciently accounts for the diminution of volume previous to the passage of 
the perihelion; but it is difficult to explain by the same theory the enlarge- 
ment observed to take place during the comet’s recess from the sun, It 
was probably with a view to obviate this difficulty that he threw out the 
conjecture of the comet being enveloped in a dense smoke during its pas- 
sage of the perihelion, arising from the intense heat to which it-was then 
exposed. The presence of such a smoke would cause the comet to appear 
less in perihelion than it really was; while its gradually less abundant 
emission as the comet continued to recede from the sun would give rise to 
an apparent enlargement of volume. It is hardly necessary to state that 
this is a mere surmise to which no importance can be attached as an expla- 
nation of a fact established by accurate observation. M. Valz has recently 
attempted to account for the diminution of the volumes of comets on 
approaching the sun, and their subsequent enlargement, by the compres- 
sion which they undergo in the course of traversing the solar atmosphere. 
This view of the origin of the phenomenon necessarily implies that the 
comet is absolutely impermeable to the highly-attenuated tluid through 
which it is assumed to revolve, a condition which is utterly incompatible 
with all that observation has revealed to us respecting the structure of 
‘these. bodies. A more probable explanation has been suggested by Sir 
John Herschel. According to that astronomer, as the comet approaches 
the perihelion the action of the solar heat will be constantly transforming 
the nebulous matter of which it is composed into the condition of a trans- 
parent invigible gas; and as this process necessarily commences at the 
exterior of the nebulosity, where the solar rays impinge, the immediate 
consequence will be a diminution of the volume of the comet. After the 
passage of the perihelion, the radiation of heat from the surface of the 
more condensed portion of the comet will not be sufficiently compensated by 
the solar heat, and the diminution of temperature hence arising will occa- 
sion a precipitation on the surface of the nebulous matter suspended in a, 
gaseous state in the atmosphere of the comet. This precipitation of 
nebulous matter will continue to go on under the influence of the cooling 
process occasioned by the increasing distance of the comet from the sun, 
and the manifest result will be a rapid enlargement of the visible dimen- 
sions of the comet. According to the laws of equilibrium the lighter par- 
ticles of the precipitated vapour will arrange themselves so as to form the 
superior stratum of the enveloping nebulosity of the comet. It is evi- 
dent also that as this bounding stratum continues to diminish in density 
it will attain a higher and higher elevation, while at the same time its 
increased tenuity will cause it to assume a more and more filmy aspect *. 
This view of the physical condition of the nebulosity of a comet subsequent 
to the passage of the perihelion has received-a strong confirmation from 
the observations of Halley's comet by Sir John Herschel, who found that 
simultaneously with the increase of its dimensions the envelope continually 
grew fainter, until at length from this cause alone it ceased to be visible. 
According to the above theory the growing faintness of the envelope is, 
in a great degree, occasioned by the gradual absorption of the vaporous 
matter composing it, into the nucleus of the comet. This was clearly 
indicated in the case of Hallcy’s comet by the brilliaut appearance of the 
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nuclear ray during the earlier observations of the comet, and the increase 
of relative brightness exhibited by the nucleus itself when the ray finally 
disappeared. The conclusion naturally suggested by these physical 
changes was, that the nebulous matter composing the paraboloidal enve- 
lope of the comet was conducted again to the nucleus along the axis of 
the paraboloid, and that the ultimate brightness of the nucleus was due to 
the increased condensation of its constituent molecules, resulting partly 
from the accession of the matter composing the envelope, and partly from 
an actual diminution of volume consequent on its diminishing tempera- 
ture. 

The foregoing theory of the variation of the volume of a comet depend- 
ing on its distance from the sun, is mainly founded on the principle that 
the nebulous matter of the comet is susceptible of being transfgrmed by 
the heat of the sun into the condition of a transparent invisible gas; and 
that so long as the comet is in the neighbourhood of its perihelion it is 
actually encompassed by such an atmosphere. “It has been already men- 
tioned that the observations of the comet of 1S11 afforded unequivocal 
evidence of the existence of a transparent atmosphere; for upon no other 
supposition could the dark interval which separated the envelope from the 
head be satisfactorily explained. When the precipitation of the nebulous 
matter of the envelope rendered this interval no longer visible, it was im- 
possible to obtain any direct assurance respecting the atmosphere ; but 
that it still continued to surround the comet Herschel received an indu- 
bitable proof in the re-appearance of the envelope on the 9th of December, 
1811%, This indication of a second stratum of nebulous matter lasted 
only a few days, and was doubtless occasioned by some circumstance 
peculiar to the constitution of the comet. 

In all speculations on the physical constitution of comets the most 
interesting point of enquiry is that relating to the origin of the tails of 
these bodies, ‘The earlier astronomers, including Appian, Cardan, and 
Tycho Brahé, supposed the phenomenon of a comet's tril to arise simply 
from the passage of the solar rays through the nebulosity of the head, 
“comparing it to the appearance presented by a beam of light which has 
been transmitted through a small aperture into a dark chamber. It does 
not scem to have occurred to these theorists, that the beam of light in the 
latter instance becomes visible ouly in consequence of the presence of 
floating molecules of matter which obstruct the solar rays and reflect 
them to the eye of the spectator t. 

The opinion of the Cartesians, although based on a more rational 
principle, involved conclusions totally inconsistent with observation. 
They imagined the tail of a comet to be occasioned solely by the refrac- 
tion which the ether of the celestial regions exercised upon the rays of 
light proceeding from the comet to the observer. If this were true, the 
light of the tail ought to exhibit the various colours of the prismatic 
spectrum. Upon the same supposition the planets and fixed stars should 
also be accompanied by tails. Neither of these conclusions, however, ure 
borne out by the observations of astronomers. Moreover, according to 
this hypothesis, the deviation of the tail from the prolongation of the’ 


* Phil. Trans., 1812, p. 129. 
+ Pingré, ailud:ng to this absurd hypothesis, cites Newton and Gregory as having 
remarked that it was at variance with the fundamental principles of optical science, The 
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radius vector should always be in the same direction when the comet 
appears in the same region of the heavens. Newton, however, has 
yemarked that, although the comet of 1577 occupied the same apparent 
position on the 28th of December which the comet of 1680 occupied on 
the 29th of the same month of the year, and although the earth, in both 
cases, was consequently in the same part of her orbit, the tail of the 
comet of 1577 deviated 21° towards the south, whereas on the other hand 
the tail of the comet of 1680 deviated 43° towards the north*, It follows, 
therefore, that the supposition of the phenomenon being due to the 
refraction which the light of the comet suffers in passing through the 
celestial regions is inconsistent with observed facts, and is consequently 
untenable. Another opinion respecting the tails of comets is that which 
supposes them to be appearances similar to the aurora borealis. A theory, 
founded upon this view of the subject, was proposed by Mairan, but its 
inconsistencies were too glaring to secure even its partial adoption. 
According to the various hypotheses hitherto considered, the tail of a 
comet is merely an optical illusion, having no real foundation in nature. 
Another class of hypotheses is that according to which they are imagined 
to be composed of a material substance similar to the nebulosity of the 
comet. Some persons, adopting the maxims of the Aristotelian philosophy, 
respecting light and heavy bodies, supposed that the matter composing 
the atmosphere of comets was an essentially light substance; that in 
virtue of its inherent levity it had a constant tendency to recede from the 
sun; and that hence originated the appendage of the tail. It is hardly 
necessary to state that this hypothesis is at variance with the fundamental 
property of the inertia of matter and the recognised principle of universal 
gravitation. , . 
The first approach to anything resembling @ rational explanation of the 
tails of comets is unquestionably due to Kepler. According to that 
illustrious astronomer a comet is composed wholly of a nebulous substance, 
the constituent parts of which are gradually broken and dispersed by the 
incessant action of the solar rays upon them. The lighter particles yield 
to the impulse of the rays, and, proceeding to an immense distance from 
the head of the comet, occasion the appendage of the tail. The denser 
particles remain behind and form the nebulosity surrounding the headf. 
This hypothesis furnished a satisfactory account of the general direction 
of the tails of comets. It also afforded an explanation of their curvature 
and their concavity with respect to the region which the comet was 
leaving; for it is manifest that as the comet continued to revolve in its 
orbit, the nebulous particles impelled by the solar rays would lag some- 
what behind the prolongation of the radius vector, and that the effect so 
produced would be greatest for the particles which had ascended the 
earliest, or, in other words, for the particles most remote. from the head. 
Another advantage of this hypothesis was that of referring the phenomenon 
to a trac physical cause; for it can hardly be doubted, whatever be the © 
mode of the propagation of light, that the solar rays, if interrupted in 
their progress by a material substance, must communicate to it an impact 
of some degree of intensity. On the other hand it must be admitted that 
the cause assigned, although founded in nature, cannot, with any degree 
of probability, according to Kepler's view of it, be considered sufficient to 
produce the observed appendage of the comet. A material improvement 
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of the hypothesis, of that astronomer consisted in introducing the solar 
heat as one of the exciting causes of the phenomenon. The first person 
who appears to have explained the formation of the tails of comets upon 
this more enlarged view of the action of the sun was Claude, Comiers, 
a French writer, who flourished about the middle of the seventeenth 
century. He supposed the particles composing the. nebulosity of the 
comet to be rarefied to so great a degree by the heat of the sun, as to yield 
with facility to the impulse of the solar rays, and, acquiring from this 
cause @ motion in the direction opposite to the sun, to form an appendage 
to the comet represented by the phenomenon of the tail*. The theory of 
Kepler, thus improved, presented itself to the mind of the enquirer under 
a much more favourable aspect than previously; for, however feeble might 
be the dynamical influence of the solar rays, it was possible, without ex- 
ceeding the bounds of a rational probability, to ascribe the phenomenon to 
their agency, by supposing an adequate attenuation of the nebulous matter 
of the comet, arising from the calorific power of the rays. No further 
notice appears to have been taken of this theory until the time of Whiston, 
who explained it with great clearness in his work entitled “ A New Theory 
of the Karth.”{ It was soon afterwards referred to by Luler as the most 
satisfuctory explanation of the phonomenon that had been hitherto devised; 
and upon the same ground it has been favourably mentioned by many 
subsequent astronomers and mathematicians, including in more recent 
times Sir William Herschel, Laplace, Delambre, and Arago. 

Newton, in the Principia, has entered into some interesting speculations 
on the physical constitution of comets, in the course of which he discusses 
‘the various hypotheses that had been formed with a view to account for 
the origin of the tails of these bodiest. Of these, the hypothesis of Kepler, 
founded on the impulsion of the solar rays, appeared to him to be the only 
one which offered any degree of probability; but his mind was too mach 
pre-oceupied with an hypothesis of his own upon the subject, to allow him 
to give the full sanction of his authority to it. Newton's view of the 
origin of the tail of a comet was this: he supposed the rays of the sun, 
by their calorific influence, to raise the temperature of the nebulous 
particles of the comet, which, in their turn, communicated a portion 
of the heat thus acquired to the contiguous particles of the ethereal 
fluid composing the solar atmosphere. ‘This increase of temperature 
being accompanied by a corresponding diminution of density, the par- 
ticles of the ‘ether ascended to a greater distance from the sun, 
carrying along with them the more volatile particles of the comet in 
the same manner as an upward current of air causes smoke to ascend 
in the terrestrial atmosphere§. The general direction of the tail, its de- 





* Traité de la Nature et Presage des Cométes, p. 81. 
+ See p. 52 of the work cited. + Prin., lib. iii, prop. 41. 

“ Newton,” says Lalande ( Ast., tome iii,, art. 8212), “ supposed the tails of comets 
to be emanations from their atmospheres. He remarked that smoke and vapours may 
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viation from a straight line, and its convexity with regpect to the region 
towards which the comet was advancing, were explained by this theory 
with the same facility as by Kepler's. Notwithstanding these advantages, 
it met with @ reception from men of science, which forms a striking con- 
trast with that experienced by the other physical theories of its author. 
This circumstance is, perhaps, in some degree attributable to Newton’a 
assumption of a principle whose existence was unsupported by any positive 
evidence, a fault which that illustrious philosopher so cautiously avoided 
inall his other speculations. It may be remarked, however, that cometary 
phenomena are not altogether wanting in indications of asolar atmosphere, 
or some such ethereal fluid, pervading the celestial regions. It has been 
already mentioned that the motion of Nncke's comet scems to indicate the 
existence of such a fluid*, Another fact, which has been more generally 
established, tends also to suggest the suspicion of the comet moving 
through a resisting medium. 1t has been mentioned that the tail of a 
comet is usually brighter and better defined on the convex than on the 
conehve side. Now, this is the result which might naturally be expected 
to be produced by the motion of the comet through a resisting mediumn ; 
for as the convex side of the tail is also the preceding side, it is the part 
that would be mainly exposed to the pressure of the ethereal fluid ; and 
being, in consequence, more condensed, it ought to appear more luminous, 
and to present a sharper outline than the concave side. Newton, indeed, 
gave a different explanation of this phenomenon. Ie considered it ta 
sriso from the circumstance that the particles composing the preceding 
sido of the tail, had more receutly ascended from the head of the comet 
than the other particles, and therefore that less time was allowed for their 
diffusion in space|. It is not improbable that the superior brightness 
and clearer definition of the convex side of the tail may be due to the 
combined operation of both these causes. 

Newton's theory of the tails of comets may perhaps be considered 
equally satisfactory with that whieh refers them to the action of the solar 
Yays upon the more volatile particles of the cometic atmosphere; but 
neither the one nor the other can be regarded as anything else than a 
yague hypothesis, which, although it affords an explanation of a few of the 
More prominent features of the phenomenon, is incapable of conducting 
to results of any precision, and totally fails to render an account of minute 
details. Thus, although the general direction of the tails of comets is 
sccounted for sufficiently well either by the dynamical action of the solar 
rays upon the cometic atmosphere, or by their calorific agency, assuming 
the existence of a solar atmosphere, it is utterly impossible to explain, by 
sither of these principles, such a phenomenon as that presented by the 
comet of 1823, which had one tail extending in the usual direction, and 
another turned almost completely towards the sun. Many other anoma- 
lous appearances are equally inexplicable by either of the two hypotheses 
just mentioned. A more recent view of the subject is founded ypon the 
Supposition of the phenomenon being due to electrical agency. One of 
the earliest advocates of this mode of explanation was the German astro- 
nomer Olbers. In more recent times it has been favourably noticed by 
Bessel, Biot, and Sir John Herschel. ‘I'he limits of this work prevent 
any further allusion to it here. It may be remarked that in the present 
state of our knowledge respecting the nature and mode of operation of the 


* See p. 135. + Princip., lib. iii, prop. 41. 
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electrical principle, it is utterly hopeless to arrive at any reliable con- 
clusions by means of a theory founded upon the supposition of its 
agency. 

The question whether comets are self luminous, or whether they are 
indebted for their light solely to the sun, has often been discussed by 
astronomers. The high magnifying powers that these bodies in some 
instances support, tend to favour the conclusion that they are self lumi- 
nous. It was upon such grounds that Herschel concluded that the comet 
of 1807, and the first comet of 1811, shone by a light essentially inherent 
in their respective substances*. Bessel was of opinion that the sudden 
variations of brightness exhibited by Halley’s. comet in the month of 
October, 1835, could with difficulty be accounted for by any other suppo- 
sition than that of a’ developement of light by the substance of the comet. 
It is manifest that the appearance of phases in comets, if established be- 
yond doubt, would afford a decisive proof that these bodies shine only by 
reflection. -It has been asserted that phases, in some instances, have 
been actually observed, but such statements have not been supported by 
the observations of contemporary astronomers. Delambre mentions that 
the registers of the Royal Observatory of Paris exhibit unequivocal indi- 
cations of phases in the comet of 1682. It is to be remarked, however, 
that neither Halley, nor any other astronomer who dbserved this comet, 
makes mention of such a fact. Again, James Cassini states that the 
comet of 1744 exhibited phases which would have been as distinct as 
those of Venus if the disk had been somewhat largerj. On.the other 
hand, Heinsius and Chésaux, who both observed the comet with especial 
attention, have explicitly denied the existence of any indications of such 
a phenomenon. In more recent times Cacciatore, the celebrated Italian 
astronomer, expressed his positive conviction that the comet of 1819 
presented the appearanco of @ crescent. Jt was found, however, that the 
position he assigned to the line joining the horns of the crescent was: in- 
compatible with the supposition that the comet shone by the light of the 
sun. Sir William Herschel was unable to discover anything resembling 
a phase in the comet of 1807, although he assured himself, that a con- 
siderable portion of the disk could not have been illuminated by the sun 
at the time of observation $. The observations of subsequent astronomers 
have also been generally unfavourable to the existence of phases jj. 

Although observations indicating the existence of phases in comets 
would establish beyond all doubt that these bodies shine by reflected 
light, it must be admitted on the other hand that the absence. of such 
phenomena does not warrant the conclusion that comets are self luminous. 
‘With reference to this point it is to be remarked, in the first place, that 
if a comet consists of a mere globular mass of vapours, it will offer no 
effectual opposition to the passage of the solar rays, and, consequently, it 
will reflect light with equal facility from every part of its surface. - Nay, 
if the comet should offer unequivocal indications of the existence of a 
nucleus, since in every such case the surrounding nebulosity is of im- 
mense extent, it is difficult to conceive how a different result can take 


* Phil. Trans., 1808, p. 157; ibid. 1812, p. 119. 

+ Connaissance des Temps, 1840. Addit. p. 98. 

¢ Mém. Acad. des Sciences, 1744, p. 303, § Phil. Trans., 1808, p. 156. 

|| Sir John Herschel has remarked that nothing which could bear the least resemblance 
to a phase was perceptible in Halley’s comet.—( Results of Ast. Obs. at the Cape of Good 
Hope, p. 897.) 
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place, even if the nucleus be composed of a solid substance. But, in fact, 
the nuclei of comets are so very small, that even under the most favour- 
able circumstances the discovery of phases might naturally be expected to 
elude the most delicate observations *. 

A very different method has been devised by M. Arago for ascertaining 
the nature of the light by which comets shine. It is well known that 
when light is reflected from a body at certain angles, it acquires properties 
different from those which characterize light emitted directly from a self lu- 
minous body ; or, in other words, the light thus reflected becomes polarized. 
By means of experiments on the light of the comet of 1819, M. Arago 
found that it contained polarized, amd therefore retlected light. Similar 
experiments on Halley’s comet, made on the occasion of its apparition in 
1835, afforded still clearer indications of the existence of reflected light +. 
In other instances, as in the case of the great comet of 1843. no trace of 
polarized light was discernible {. It may be remarked that experiments 
of this nature, however unequivocal their results may be, are not capable 
of deciding the question with respect to the nature of the light by which 
comets shine, since a body, although self luminous, does not with less 
facility on that account reflect the light of other bodies. ‘There is a ques- 
tion of another kind, however, upon which such experiments are calculated 
to throw a decisive light. It has been mentioned as a proof of the trans- 
lucency of the matter of which comets are composed, that. the smallest 
stars have been occasionally seen through them without undergoing any 
diminution of lustre. This, however, has not been the invariable result 
that has occurred, under such circumstances, to the observation of astro- 
nomers. In some instances the star has appeared sensibly fainter from 
the interposition of the comet. For example, on the 31st of October, 
1807, Sir William Herschel found that small stars, seen through the tail 
of the comet of that year, exhibited a considerable diminution of bright- 
ness as they became more involved in the nebulosity of the comet. This 
diminution of brightness is readily accounted for by the obstruction which 
the particles of the cometic matter offer to the rays of light proceeding 
from the star to the observer. It is to be remarked, however, that ac- 
cording to a principle of optics, a feeble light when projected upon an 
illuminated ground, suffers an apparent diminution of brightness; and 
the question, therefore, arises whether the faintness of a star, when seen 
through a comet, is not wholly referable to this cause. In the instance 
above cited, Herschel felt a disposition to adopt this as the true explana- 
tion of the phenomenon, on the ground that the brightness of the tail of 
the comet was a fact palpable to observation, whereas, on the other hand, 
there was no evidence to prove the existence of floating particles of ‘matter 
interposed between the star and the observer§. Now the experiments of 
M. Arago on the light of comets establish beyond doubt that the substance 
of which the tails of these bodics are composed, is sufficiently dense to ob- 
struct the rays of light proceeding from a luminous body; for the pheno- 
menon of reflected light necessarily implies that the cometic particles 


* According to Sir William Herschel the nucleus of the comet of 1807 had an appa- 
rent diameter of 1’--( Phil. Trans., 1808, p. 156). The same astronomer found the 
apparent diameter of the nucleus of the first comet of I811 to be only 0”.775.—(Phil. 
Trans, 1812, p. 118.) ¢ 

+ Comptes Rendus, tome i., p. 257. = Ibid., tome xvi., p. 597. 

§ Herschel at this time was inclined to believe that the tail of a comet was merely an 
optical phenomenon resembling the aurora borealis.—( Phil. Trans., 1808, p. 159.) 
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possess this power of obstruction. It results, therefore, that the faintness 
which small stars occasionally exhibit, when perceived through any part 
of the substance of a comet, may, and in all probability does, to some extent, 
arise from the resistance which the cometic particles oppose to the rays of 
light proceeding from the star to the observer *. 

When the flimsy nature of the substance of a comet is taken into con- 
sideration, it is difficult to conceive how such a body is not entirely dissi- 
pated in space by the enormous heat of the sun during its passage of the 
perihelion. Mention has already been made of Newton having calculated 
that the great comet of 1680, when it arrived at its least distance from the 
sun, was subjected to a heat 2000 times greater than that of red-hot iron t, 
He considered that the circumstance of a comet being able to maintain its 
existence after passing through such a terrible ordeal, formed an irre- 
sistible argument in favour of its being a solid body. Laplace, availing 
himself of Black's beautiful discovery of latent heat, shewed that the 
durability of the existence of a comet might be accounted for, without 
having recourse to a principle which, to say the least respecting it, did not 
receive any support from observation, It was established by the eminent 
philosopher just cited, that when a body is in the course of passing from 
the liquid to the gaseous state, the particles, ys they become successively 
volatilized, abstract from the body a large quantity of calorie which con- 
tinues insensible to the thermometer. Laplace supposed that the heat 
thus carried off by the volatilized particles of the comet during its passage 
of the perihelion, would serve to moderate the temperature of the more 
condensed portion ; and conversely, the heat’ given out by the same par: 
ticles, in the course of their return to the liquid state, would have the 
effect of counteracting the intense cold to which the comet would be 
exposed in the more distant parts of its orbit }. 

Whether a comet be composed of a partially solid substance, or whether 
it consist of a mere collection of vapours, is a question which has not yet 
been resolved to the satisfaction of astronomers; but one thing is certain, 
that the masses of comets must be very small. This was strikingly 
evinced in the case of Lexell’s comet by its passage through the middle of 
the system of Jupiter's satellites, in the year 1779, without occasioning the 
slightest perceptible derangement in the motion of either of those bodies. 


* Itseems difficult to account for the extreme faintness of the stars seen by Sir William 
Herschel through the comet of 1807, without supposing it to have been in some degree 
produced by the interposition of the cometic substance. On the other hand, Sir John 

erschel has remarked that, although innumerable stars of all magnitudes, from the ninth 
downwards, were seen by him through the substance of Hulley’s comet, there never ap- 
peared the least ground for presuming any extinction of their light in traversing if. 
“Very small stars were, indeed, obliterated,” says that eminent astronomer, “as they 
would have been by an equal iJlumination of the field of view; but inno case to a greater 
extent than they would have been by so much lamp-light, artificially introduced,- (Resuits 
of Ast. Ubs. at the Cape, p. 401.) 

+ As this result of Newton’s is often cited, it may not be out of place briefly to state the 
grounds upon which he established it. When the comet was in perihelion, on the 8th 
of December, its distance from the centre of the sun was to the earth’s distance as 6 to 1000. 
Now, since the intensity of the sun’s heat is reciprocally as the square of the distance from his 
centre, it follows that the sun’s heat on the comet was to thesheat of the summer sun as 
1,000,000 to 36, or as 28,000 to 1. But he also found by experiment that the heat of 
boiling water is about three times greater than'the heat which dry earth acquires from the 
summer sun; and he moreover conjectured that red-hot iron is about three or four times 
hotter than boiling water. His final conclusion consequently was that the comet must 
have been subjected to 2 heat 2000 times greater than that of red-hot iron. 

 Syatdme du Monde, tome i., book ii., chap. v. 
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The question with respect to the end which comets are designed io serva 
in the economy of creation, appears to be involved in a degree of obscurity 
greater even than that which surrounds any other enquiry connected with 
these mysterious bodies. Newton asserted that all those comets which 
descend so low as to come within the solar atmosphere, would suffer a re- 
tardation of their motion on each occasion of their passage through their 
peribelia, and being, in consequence, less capable of resisting the attrac- 
tion of the sun, would gradually approach that body until they ultimately 
fell upon his surface. Generalising this idea, he supposed that the fixed 
stars might be occasionally recruited by the falling of comets into 
them, and that the conflagration hence arising might account for 
those temporary stars which, at different times, have appeared with great 
splendour in the heavens. With respect to the tails of comets he was 
of opinion that after being dissipated in space they were ‘absorbed by the 
planets, and entering into a multitude of chemical combinations with other 
substances, tended thereby to repair the waste of fluids occasioned by the 
evaporating influence of the sun. It would, perhaps, be as difficult to 
disprove these surmises as to demonstrate their truth, for in fact, they 
can only be regarded as tnere sallics of the imagination into regions of 
thought, beyond the reach of legitimate reasoning. The speculations of 
succeeding astronomers on this subject do not lead to conclusions of a 
more satisfactory kind than those above hinted at. Sir William Herschel 
was of opivion thit a comet on the occasion of each perihelion passage 
acquires a more perfect state of condensation in consequence of the action 
of the solar heat upon the nebulous matter of which it is partially 
composed, This hypothesis pointed out to the probability of a comet 
evontually acquiring the consistency of a solid body and assimilating itself 
in all respects to a planet. A similar view of the ultimate state of comets 
was adopted by Laplace, who remarked that the comet of 1759 was the 
only one which had hitherto exhibited any indications of haying arrived at 
a fixed condition. He was probably led to this conclusion by a 
comparison of the recorded apparitions of the comet, from which it would 
seem that it had been diminishing in splendour on the occasion of each 
return to perihelion, until at length, in 1759 it almost ceased to exhibit 
the more striking peculiarities of 2 cometary body. Much of the awful 
magnificence of the comet on the occasion of its apparition in 1456 is 
doubtless attributable to the effect upon the imagination of a phenomenon 
that was universally regarded with feelings of terror, as a visible mani- 
festation of divine displeasure; but it is an indisputable fact that. the 
comet was a much more conspicuous object in 1607, than it was in 1684 
or 1759. Thus, in 1607, Kepler distinctly perceived the tail with the 
naked eye, thirty days before the comet’s arrival in perihelion*. In 1662 
the comet, even for some time after it became visble to the naked eye, 
did not exhibit any vestige of a tail, for Cassini has remarked that its disk 
was as round, as well defined, and as devoid of nebulosity as that of the 
planet Jupiter}. Perhaps the circumstance of its appearing so soon after 
the great comet of 1680 may have caused its cometic features to be in 
some degree overlooked by astronomers. This could not be said on the 
occasion of the return of the comet in 1759, for although Messier carefully 


* The comet with its tail was scen at Prague by many persons as well as Kepler on 
the 26th of September (De Cometis, p. 25). Aceordiug to Halley it passed its peri- 
helion on the 26th of October. 

+ Mém. Acad. des Sciences, 1699, p. 89. 
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observed it with a telescope twenty-six days before the passage of the 
perihelion, he was unable to discern the slightest trace of a tail. So far, 
therefore, the remark of Laplace appears to be supported by observation. 
Unfortunately, however, the comet during its last apparition exhibited a 
decidedly less planetary aspect than it did in 1759; for on the 12th of 
October, 1835, the tail was already visible to the naked eye as a very con- 
spicuous object, although the passage of the perihelion did not take place 
until 35 days afterwards. 

The foregoing account of speculations on the physical constitu- 
tion of comets may serve to shew how much yet remains to be done in 
this interesting department of astronomy. It is clear that a more ex- 
tensive collection of facts than that at present in the possession of astro- 
nomers, must be formed by a long course of accurate observation; and that 
more taature views of the great agents of nature must be arrived at by an 
assiduous cultivation of the various branches of physical science, before 
any hopes can be entertained of coming to a definitive conclusion respect- 
ing the more essential properties of these mysterious bodies, or the pur- 
poses they are designed to accomplish in the economy of the material 
universe. 





CHAPTER XVI. 


Importance of Facts in the Cultivation of Physics.— Astronomy a Science of Observation. 
—Inequalities which affect the apparent positions of the Celestial Bodies. —Preces- 
sion.—Its Discovery by Hipparchus.—Researches of Modern Astronomers on its 
Value. — Bessel. — Peters.— Otto Struve.— Refraction,— Its effect upon the Place of a 
Celestial Body first_reinarked by Ptolemy.—Opinion of Tycho Brahé respecting its 
Nature.—The first Theory of Refraction due to Cassini.—His Table of Refractions.— 
Newton.—His Correspondence with Flamstead on the subject of Refraction.—For- 
mula of Bradley.—French Tubles of Refraction Researches of Bessel. — Aberration, 
—lIts discovery by Bradley.—Modern Deter ions of its Value. —Nutation dis- 
covered by Bradley.—Its most Approved Value.—Researches on Parallax.— Methods 
for facilitating the Reduction of Observations.— Method of Bessel.— Ph: 
which more especially affect the Aspect of the Celestial Bodies,—Diffraction. 
tion. 






















Iv does not require a profound aquaintance with the history of any branch 
of physical science, to arrive at the conviction that its advancement has 
been invariably effected by reasoning upon facts whose existence had been 
already established cither by obscrvation or experiment. Astronomy is 
essentially a science of observation. Even in the earliest stages of its 
progress some interesting results were deduced, by simply noting the 
periodical recurrence of the more obvious phenomena. It was by pur- 
suing a process of this sort that the Chaldeans succeeded in obtaining rude 
approximations to the times of revolution of the sun and moon, and in 
predicting the occurrence of lunar eclipses. ‘he earlier philosophers of 
Greece, misled by erroneous views with respect to the mode of discovering 
truth, imagined that it would be inconsistent with the dignity of the 
human mind, to recognise any alliance between the lofty speculations of 
abstract science and the monotonous task of observation. It followed, as 
a necessary consequence, that during many years of Grecian history, not 
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even excepting the palmy days of Athenian civilisation, no progress was 
made in the study of astronomy. It was only when Alexandria became 
the capital of the civilised world, and learning in all its departments was 
liberally patronised by the Ptolemies, that the phenomena of the heavens 
were observed with regularity and care by the aid of instruments invented 
for that express purpose. - Accordingly, astronomy, considered as a science 
of strict calculation, was during this period established on a durable basis. 
It cannot be asserted, indeed, that even yet the metaphysical notions of the 
speculative philosophers had been wholly banished from th@ science. - ‘The 
Aristotelian dogmas respecting the essential nature of the celestial move- 
ments were still regarded as indisputable axioms, between which on the one 
hand, and nature on the other, a sort of compromise was effected by means 
of the famous mechanism of epicycles. So long, indeed, as the discord~ 
ances between its results and the actual phenomena of the heavens did not 
exceed the probable errors of observation, this system, however compli- 
cated, might fairly be regarded as @ legitimate representation of established 
facts. It was only when the advanced state of practical astronomy allowed 
the repudiation of discordances of such magnitude, that the arbitrary crea- 
tions of the human mind, and the immutable laws of the physical universe, 
might be said to have come into direct collision, The triumphant esta- 
blishment of the true system of nature by the immortal Kepler, led to the 
complete emancipation of astronomical science from the thraldom of the 
Schools, and its subsequent history has in consequence been one of unin- 
terrupted progress down to the present day. 

Since the laws which regulate the movements of the celestial bodies 
constitute the principal subject of research in the study of astronomy, it is 
manifest that the establishment of a series of facts relating to their apparent 

ositions, forms an indispensable prelimiuary to all such enquiries, Accord- 
ingly, the sun, moon, and planets have in all ages been carefully observed 
with this object in view; and all the resources of mechanical skill, as well 
as the most profound investigations of physical science, have been applied 
towards assuring the accuracy of the results. The stars, too, have been ob- 
served with equal care, not merely on their own account, but also because 
they form fixed points, to which the positions of the various bodies of the 
solar system may be on all occasions referred. 

Bat the simple determination of the apparent positions of the eelestial 
bodies does not suffice to produce results immediately available towards the 
purposes of astronomy. Certain inequalities of small, but variable magni- 


tude, affect the position of every celestial body, the values of which must: 


be carefully ascertained for each observation, in order to arrive at a know- 


ledge of the mean position of the body, which alone can be employed in’ 


forming the basis of ulterior research. These minute displacements arise 
from the combined operation of various distinct principles, the investi- 
gation of the Jaws of which forms one of the most important departments 
of-astronomical science. When considered with respect to their origin, 
_ they idmit of a threefold division. In the first place there are inequali- 
* ties which depend upon the principle of gravitation; such are the pheno- 
mena of Precession and Nutation. The second class of inequalities includes 
those which are explicable by reference to the properties of light; such are 
the phenomena of Refraction and Aberration. Lastly, there is the dis- 
placement occasioned by Parallax. 

It appears from the foregoing remarks that every celestial body is sub- 
ject to an apparent displacement arising from the combined influence of 
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five distinct inequalities, of which four derive their origin from physical 
causes; while, on the other hand, the fifth depends upon considerations of 
a purely mathematical nature.. The apparent position of a bedy is re- 
duced to the mean by applying to it, with an opposite sign, the numerical 
value of each inequality, corresponding to the time of observation. A 
brief account of the researches of astronomers in connexion. with each of 
these five inequalities or corrections, as they are technically termed, may, 
parhaps. not prove uninteresting to the reader. This will be best effected 
by alluding to éach correction according to the order of its discovery. 

Of the various inequalities which require to be taken into account in 
reducing the apparent position of a heavenly body to its mean position, 
the one which first became known to mankiud is the increase of longitude, 
arising from a slow regression of the equinoctial points upon the plane of 
the ecliptic. As thts constant shifting of the intersection of the ecliptic 
and equator causes the aunual arrival of the sun in either of the equinoxes 
to be a little earlier than it would otherwise be, it has in consequence been 
denominated ‘the Precession of the Equinoxes.” The discovery of this 
apparent movement is due to Ilipparchus, who arrived at it about the 
year 125, a. ¢., by a comparison of his own observations with those of 
Timocharis, made about 170 years earlier. Its existence was afterwards 
established beyond doubt by'Ptolemy, between whom and Hipparchus 
there elapsed an interval of nearly 300 years. It has been already men- 
tioned that Copernicus was the first who gave the true explanation of this 
phenomenon. The discovery of its physical cause by Newton, and the 
researches of his successors on its laws, have also been briefly noticed. It 
only remains to give some account of the successive determinations of its 
quantitative value by astronomers. 

The earliest statement of the value of precession is to be found in the 
Syntaxis. Ptolemy mentions, in the seventh chapter of that work, that 
having observed several bright stars in the zodiac, he found that while 
their relative positions were the same as in the days of Hipparchus, they 
had all incfeascd in longitude to the extent of 2° 40’ during the interval 
that elapsed between that astronomer afd himself. He hence inferred 
that the increase of longitude amounted to 1° in 100 years, which implies 
an annual precession of 36”; he moreover stated that Hipparchus had 
arrived at the same result. This was a very erroneous determination, 
for, according to the researches of modern astronomers, the annual amount 
of precession is a little in excess of 50”. The interval betweeft Hip- 
parchus and Ptolemy comprehended a period of 267 years, so that the total 
increase of longitude must in reality have amounted to 3° 37’, a quantity 
Greater nearly by 1° than that assigned by Ptolemy. As the discordance 
seems too great to be accounted for by errors of observation, except by. 
adopting an extravagant supposition with respect to their probable magni- 
tude, many eminent astronomers have come to the eonclusion that Ptolemy 
made no observations at all; that in fact his catalogue of the stars is no 
other than the catalogue of Ilipparchus reduced to the epoch of 187 a.n., 
by increasing all the longitudes to the extent of 2° 40’. Unfortunately 
there are circumstances which strongly tend to justify this serious charge. 
Delambre compared together the longitudes of 312 stars as assigned by 
Ptolemy with the longitudes of the same stars inserted in Flamstead’s 
catalogue, and supposing the interval between these two astronomers to 
comprehend a period of 1553 years, he hence deduced 52”.4 for the annual 
value of precession. ‘This result exceeds the true value by rather more 
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than 2”; but such a discordance would necessarily ensue if Ptolemy 
simply derived ‘his catalogue from that of Hipparchus, since in reducing 
the longitudes to his own epoch he ‘supposed the quantity of precession to 
be too small. In order to obtain a stronger assurance on this point, 
Delamle diminished Ptolemy's longitudes of the same stars by 2° 40’, 
and supposing the results to be the longitudes of Hipparchus, he in- 
stituted a comparison between them and Flamstead’s longitudes. As- 
suming the interval between Hipparchus and Flamstead to includg a 
period of 1820 years, he now obtained 50.12 for the resulting value of 
precession, a quantity agreeing almost exactly with the modern determina- 
tion. Delambre obtained results of a similar nature by pursuing the 
saine process with respect to several other sets of stars common to the 
catalogues of Ptolemy and Flamstead. ~~ 

The Arabian astronomers generally estimated the quantity of precession 
at 1° in 66 years, This gave 5-1” for the annual precession, a result which 

«formed a much closer approximation to the true value than that which 
Ptolemy had arrived at. 

The efforts of modern astronomers have been constantly directed 
towards obtaining a more accurate value of this element.’ Tycho Brahé 
fixed the annual precession at 51”. Flamstead made it 50”. Lalande, by 
comparing the longitude of Spica Virginis as assigned by Hipparchus with 
its longitude deduced from observationsamade in 1750, obtained 507.5 for 
the resulting value of precession. Delambre, by a comparison of the ob- 
servations of Bradley, Mayer, and Lacaille with his own observationg, was 
induced to fix the annual precession at 50.1. : 

As the theory of gravitation began to acquire a more complete state of 
developement, it became apparent that the precession of the equinoxes is a 
phenomenon of a much more complicated nature than it had hitherto been 
supposed to be. It has been already mentioned, that the action of the 
planets on the earth occasions a secular displacement of the terrestrial 
orbit, in virtue of which the equinoctial points have a constant tendency 
to advance with a very slow motion upon the plane of the eclifitic, and that 
hence arises a distinction between lunisolar precession, which refers ex- 
clusively to the action of the sun and moon, aud general precession, which 
is equal to the lunisolar precession diminished by the small effect of an 
opposite nature, arising from planetary perturbation. Now as the diplace- 
ment of the terrestrial equator, by constantly altering the position ef the 
zerempoints, to which the cclestial bodies are referred on the ecliptic, 
affects their longitudes but not their latitudes; so the displacement of.the 
plane of the ecliptic affects the right ascensions of all the celestial bodies, 
but does not exercise any influence upon their declinations. -It is manifest, 
therefore, that the variation of the right ascension of a star is an effect pro- 
duced principally by the action of the sun and moon, but in some degree 
also by the action of the planets; whereas, on the other hand, the change of 
declination depends exclusively upon lunisolar action. Hence by com- 
paring together the mean right ascensions of a great number of stars, 

~as determmed at two distant epochs, the quantity of general precession 
may be ascertained, and by instituting a similar comparison with respect 
to mean declinations, the resulting quantity is the value of lunisolar pre- 
cession. Both the regression of the equinoctial points, occasioned by the 
conical motion of the earth’s axis and the progression due to the displace- 
tment of the ecliptic are in a state of slow variation, and consequently 
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same value. The researches of the illustrious Bessel led to a more accu- | 
rate determination of the constants of precession than any which had been 
hitherto arrived at. His earliest investigation, which obtained for him 
the prize of the Berlin Academy, appeared in the year 1815. He re- 
turned to the subject on several subsequent occasions, and his final results 
are contained in the Tabule Regiomontana, which was published in 1830. 
The materials of his researches were, the ohservations of Bradley, which 
fogmed the most ancient reliable data that were available to him; afd 
those of Piazzi, as well a3 many of his own observations, with which‘he 
compared the determinations of the English astronomer. The values ” 
Which he assigned to the constants of lunisolar and general precession 
have, until very recently, been universally used by astronomers. ~The 
annual value of lunisolar precession at the beginning of the year 1750 
was fixed by him at 50”.87572, and the annual value of general precession 
at 507.21129,° 

The importance of an accurate knowledge of procession in determining 
by observation the positions of the celestial bodies has been the main 
cause of those repeated investigations that have been undertaken by astro- 
nomers in modern times, for the purpose of obtaining further corrections 
of the constants upon which its annual value for any given year, and its 
total magnitude corresponding to any assigned distance from a given epoch, 
depend. ‘The truth of this remark will appear evident from a considera- 
tion of the mode by which the absolute position of a celestial body is 
usually ascertained. This object is effected, not by a direct process, which 
would be generally impracticable, but by determining the relative position 
of the ee y with respect to certain fundamental stars whose absolute posi- 
tion has been already ascertained with great care at some anterior epoch. 
Now the absolute position of a body in the celestial sphere is usually ex- 
pressed by meang of its right ascension and declination ; but, as both these 
co-ordinates have reference to the position of the vernal equinox, they are 
in a state of continual variation from the effects of precession. It is 
of no use, therefore, for the astronomer to be acquainted with the original 
right ascension and declination of the star with which he compares the 
object of observation, unless he possesses a sufficient knowledge of the ex- 
tent to which the equinoctial points have retreated upon the ecliptic during 
the intermediate period, to enable him to compute the values of the same 
co-ordinates corresponding to the time of observation. 

Bat there is another circumstance which in recent times has rendered 
an ggcurate knowledge of precession indispensable. The researches that 
litverbeen prosecuted in the present day, with the view of establishing the 
motion of the solar system in space, have suggested the necessity of ascer- 
taining with the utmost precision the real nature of those secular varia- 


‘ tions which affect the apparent positions of the stars. It isgot difficult 


to see that a small, error committed in the determinatiow of the nume- 
rical values of the constants of precession, would, by always gcting in the 
same direction on the position of a star, be liable to become éonfounded 
with the proper motion of the star, which is also characterised by a similar. 
peculiarity, The elaborate researches of the Russian astronémers,-MM. 
Peters and Struve, have led to-a modification of Bessel’s constants of 
precession, which, although very slight, may not improbably exercise an 
important influence on the delicate investigations of sidereal astronomy. 
Ptolemy was the first who remarked that a ray of light proceeding from 
a star to the earth underwent a change of direction in passing through the 
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atmosphere, and that, in consequence of the deflection, the star would ap- 
pear to be elevated above its true place. He further asserted that the dis- 
placement would be less according as the altitude of the star increased, and 
that it would vanish altogether when the star was in the zenith; but he did 
not attempt to determiye its magnitude in any instance, although he made , 
some excellent experiments on the refractive powers of glass and water. 
Alhazen, the Arabian astronomer, reasoned’ very judiciously on the same 
subject, in his “ ‘Treatise om ‘I'wilight,” and Waltherus, a German astro- 
nomer, who flourished towards the close of the fifteenth century, nie 
some attempts to determine the magnitude of refraction near the horizon. 
Tycho Brahé was the fit astronomer who applied refraction as a correc. 
tion to the apparent positions of the celestial bodies. . Having found that 
the latitude of Uranibiirg, as deduced from the least and greatest altitudes of 
circumpolar stars, differed to the extent of 4’ from the latitude indicated 
by observations of the sun at the solstices, he was led to attribute the 
discordance to the effect of refraction, which he supposed to have been 
mainly influential at the winter solstice when the ‘sun attained only a 
very low altitude. Pursuing the subject, he deduced from his observations 
a table of refractions, which, although by no means remarkable for ac- 
curacy, possessed the merit of being the first of the kind that had been 
constructed by any astronomer. He supposed the refraction to be 34’ at 
the horizon, and 5” at 45° of altitude. His views of the nature of refrac- 
tion were by 10 means so accurate as those of Ptolemy or Alhazen, with 
whose works on the subject he does not seem to have been acquainted. 
Under an. impression that the refraction of the rays of light proceeding 
from a heavenly body, was occasioned by the vapours which accumulate 
near the horizon, he asserted that it did not extend so far.as the zenith, 
He also supposed that the refraction of the stars was different from that 
of the sun or any of the planets; and “that while in the former case it 
ceased at 20° of altitude, in the latter it was sensible as far as 45°. ‘These 
opinions, although erroneous in an extreme degree, did not admit of 
being corrected by an appeal to observation, on account of the imperfect 
condition of practical astronomy. . 

Kepler, by means of an empirical rule of his own invention, cal- 
culated a table of refractions, which was found to be considerably,more 
accurate than Tycho's table. Delambre has shown that for all zenith dis- 
tances less than 70° the errors do not surpass 9” *, 

The researches of philosophers on the subject of refraction were facili- 
tated ima vast degree by the discovery of Snell, that when a ray of light 
enters a tramsparcnt medium the sines of ,the angles of incidente and 
refraction bear a constant ratio te each other. By means of this principle 
it was easy, in all cases of a ray of light entering a homogeneous medium, 
to ascertain the subsequent direction of the vay, whatevor might be the 
angle of inétlence, when the direction corresponding to any given angle 
was: once determined by experiment. ‘The first theory of astronomical 
refraction is due to Cassin. -He supposed the atmosphere to possess 
a uniform density, and (o extend to a detinite height above the surfyce of 
the earth. According to this hypothesis, the refraction of @ tay of light 
proceeding from a celestial body, takes place wholly at its entrance into 
the spherical shell of air which’ encompasses the earth; whence it follows 
that the path pursued by the ray in ils subsequent passage through the 
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atmosphere must necessarily be a straight. line.. In order to adapt his 
hypothesis to the calculation of a table of refractions, it was necessary for 
Cassini to determiue the height of the homogeneous atmosphere, and the 
refraction corresponding to a given akgle of incidence. The data which 
he used for this purpose were the observed refractions for two given 
zenith distances. ‘These were, the horizontal refraction, which he made 
equal, to 82’ 20”, and the refraction at 80° of zenith distance, which he 
determined to be 5’ 28”. Being now in possession of the elements of his 
theory, he calculated a table of refractions extending from the horizon to 
the zenith, Besides this table, which was designed to represent the re- 
fractions in summer, he calewlated two other tables, one of which was 
adapted to the winter season, and the other to the intermediate seasons of 
spring and autumn. It was found that by estimating the solar parallax at 
1’, agreeably to Kepler, the triple table was indispensable when the object 
was to represent the observed refractions throughout the year. Cassini, 
however, was induced to suspect from observations of the moon when in 
the dichotomies, that the solar parallax fell considerably short of 1’; nay, 
he even did not scruple to assert that in point of fact it might be regarded 
as insensible. By rdopting thix supposition, he found that the table 
which he had calculated for summer, was likewise applicable to the other 
scasons of the year; but it was impossible to pronounce with absolute cer- 
tainty whether his view of the subject was the right one or not. The 
table, in its triple form, first appeaved in the Solar Ephemerides, published 
by Malvasia, at Bologna, in the year 1662. The results were found to re- 

resent the observed refractions with a remarkable degree of accuracy. 
This will appcar somewhat surprising when the erroneous nature of the 
hypothesis from which they were deduced is taken into account; for it is 
manifest that, so far from the atmosphere being homogeneous, the sueces- 
sive strata of air increase in density towards the surface of the earth, 
by reason of the pressure of the superincumbeht strata, and the ray of - 
light being in consequence deflected continually from a rectilinear direc- 
tion, the path pursued by it through the atmosphere will, in reality, be a 
curve which is concave with respect to the earth. 

Notwithstanding the success of Cassini's attempt to represent the 
derangements in the apparent positions of the celestial bodies, arising 
from the combined influence of parallax and refraction, it was still desir- 
able, for the advancement of astronomical science, to arrive ata precise 
knowledge of the independent effects of each of these two elements. To 
accomplish such an analysis, however, by means of observations made at 
Paris, was found to he impracticable, in consequence of the refractions at 
the solstices being so considerable as to render uncertain any conclusion with 
respect to the effect occasioned by parallax. In order to obtain a satis- 
factory solution of this question, the Academy of Sciences resolved to 
determine the distauce Letween the tropics by means of gbservations of 
the sun at some place near the equator, where, the refractions being 
insensible on account of the great zenith distance of the object, the effects 
of parallax alone would become apparent. In pursuance of this design 
they selected « small island on the coast of Africa, lying about 5° north of 
the equator, as a suitable locality for the proposed observations, and 
assigned the conduct of them to Richer, one of the members of their own 
body. Richer executed his task in the year 1672. ‘The result of his 
observations afforded a complete verification of Cassini's views, by shewing 
that the solar parallax was insensible, Cassini, in consequence, adopted 
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the table of refractions for summer as true for the whole year, and com- 
municated them to the Academy of Sciences as the definitive result of his 
yesearches*. This table was inserted in the Connaissance des Temps, 
and continued for a long time_to be-published annually in that £phemeris, 

It appears from the foregoing account of Cassini's researches, that the 
calculation of a triple table of refractions adapted to the different seasons 
of the year, was forced upon him by the erroneous value of the solar 
parallax, generally prevalent in his time, and that the adoption of bis own 
views with respect to the value of that élement, made the refractiéns 
invariable throughout the year. It is, therefore, inconsistent with the 
facts of the case. to assert, as some writers have dove, that we owe origins 
ally to Cassini the remark that the refractions vary with the season of 
the year. The first suspicion of this fact is undoubtedly due to his contem- 
porary, Picard, At one of the meetings of the Academy of Sciences. held 
™m 1669, having been invited to state the objects of research which ap- 
peared to him to be most conducive to the advancement of astronomical 
science, he suggested the desirableness of calculating a table of refractions 
for Paris, adapted to the different seasons of the year, and even according 
to the different changes of the weather, marking, on cach occasion, the 
winds and the state of the thermometer, in order to ascertain whether the 
variations in the quantity of refraction are not accompanied by phenomena 
affording unequivocal indications of their existence +. Picard, on a future 
occasion, gave « more distinct explanation of his views on the subject, 
Having found from observations of the sun, that the refractions are more 
in excess after the winter solstice than before it, he attributed the differ- 
ence to the greater degree of cold which usually prevails in the more 
advanced pavt of the winter season. Upon the same grounds he concluded 
that the refractions during the night are greater Uwn those which take 
place during the day{. These views must be regarded as highly eredit- 
able to the sagacity of Picard, especially when it is considered that, with the 
exception of Newton, no other person appears to have formed an adequate 
conception of the importance of taking into account the influence of tempe- 
rature upon refraction until towards the middle of the eighteenth century. 

The subject of yefraction is too closely connected with physical astro- 
nomy net to have occupied the attention of Newton, In the fourteenth 
section of the first book of the Principia he has shewn that when a ray of 
light enters a transparent medium, the attraction of the molecules com- | 
posing the medinm will deflect it from its original direction, and, by 
supposing them to act according to a given Jaw, he has dedueed the 
fundamental theorem of Snell, that the, sines of the angles of irféidence 
and refraction bear a constant ratio to each other. In his Treatise on 
Optics, he has alluded more particularly to atmospheric refraction §, but 
he does not attempt to determine the amount of deflection experienced 
from that cause by a ray of light proceeding from a celestial body to 
the surface of the earth. In the year 1721 Halley communicated to the 
Royal Society « table of refractions which he asserted to have been 
ealeulated by Newton ‘|. This table exhibits the refractions from the 
horizon to 75° ef apparent altitude. The refraction at the horizon is 
assigned equat to 83’ 45”; the refraction at 45° amounts to 54”, No 








* Ane. Mém. Acad. des Sciences, tome viii., p. 81. 
+ Histoire Céleste, p. 17. 
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information was given by Halley with respect to the way in which the 
table was constructed, so that it long continued to be an interesting 
question with astronomers, whether it rested solely upon observation, 
or whether it was derived from some physical theory of refraction. There 
existed indeed strong reasons to suspect, from Newton's mode of consider- 
ing refraction as a result of dynamical agency, that the table was con- 
structed upon theoretical principles. This has been established beyond 
all doubt in recent times, by the publication of Baily’s Life of Flamstead, 
which contains some interesting particulars relative to Newton’s re- 
searches on the theory of astronomical refraction*. It appears from 
certain correspondence between Newton and Flamstead, published in that 
work, that during the period which elapsed between October, 1694, and 
March, 1695, Newton was engaged in a profound investigation of the 
subject referred to, and that he finally transmitted to Flamstead a 
table of refractions, which, thdre is every reason to suppose, was identical 
with the one subsequently communicated by Halley to the Royal Society. 
A short notice of this correspondence, the publication of which has had 
the effect of throwing additional lustre around the genius of Newton, 
already immortalised by so many great discoveries, may perhaps not 
prove uninteresting to the reader. 

Ja a letter, dated October 11, 1694, Flamstead points out to Newton 
the discordances between the refractions near the horizon, as assigned by 
various astronomers, and the corresponding results which he had deduced 
from his own observations. He remarks, also, that, at the same altitudes, 
he found that the refractions were different on different nights. He in- 
vites the attention of Newton to the subject, and requests that he will 
communicate to him the result of his reflections upon it. The reply of 
Newton is valuable, inasmuch as it shews that he had already formed a 
true conception of the physical principles upon which atmospheric refrac 
tion depends. In a letier, dated Ovtober 24, 1694, he thus explains his 
views on the subject:—“ The reason of the different refractions near the 
horizon, in the same altitude, I take to be the different heat of the air in 
the lower region. For when the air is rarefied by heat, it refracts less ; 
when condensed by cold, it refracts more. And this difference must be 
most sensible when the rays run along in the lower region of the air for a 
“great many miles together; because ‘tis this region only which is rarefied 
and condensed by heat and cold; the middle aud upper region of the air 
being always cold. I am of opinion also, that the refraction in all greater 
altitudes is varied a little by the different weight of the air discovered by 

_ the baroscope. For when the air is heavier, and by consequence denser, 
it must refract something more than when ‘tis lighter and rarer. I could 
wish, therefore, that in all your observations, where the refraction is to be 
allowed for, you would set down the weight of the baroscope and heat of 
the air, that the variation of the refraction by the weight and heat of the 
air may be hereafter allowed for, when the proportion of the variation by 
those causes shall be known.” + 

Flamstead was unable to appreciate the importance of the sagacious 
hints thrown out by his illustrious contemporary. Although possessing many 
of the qualities requisite for constituting an accurate observer of celestial 








* Account of the Rev. John Flamstead, compiled from his own manuscripts and 
other authentic documents never before published. 4to. London, 1835. 
t Ibid., p. 197, 
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phenomena, he was naturally unfitted for the loftier task of investigating 
the various physical causes upon whose combined operation they depend. 
It is due to him, however, to state that, in the present instanee, he does 
not appear to have been insensible to the advantages which might accrue 
to astronomical science from the theoretical researches of Newton, although 
he failed to profit by the counsel of that philosopher, in go far as his own 
practice as an observer was concerned. ty 

The subsequent progress of Newton's labours on the subject of refraction 
is clearly exhibited in his letters to Plamstead. It has been already men- 
tioned that he succeeded in explaining the refraction of a ray of light by the 
attraction of the transparent medium into which it enters. In the present 
case the medium was composed of an infinite number of concentric spherical 
strata of air, increasing in density towards the surface of the earth; so 
that, in point of fact, it was necessary to investigate the effect produced by 
an infinite number of media, all of which possessed different degrees of 
refractive power. This circumstance rendered the problem of refyaction 
vastly more difficult than it had been on the hypothesis of Cassini; but on 
the other band it was manifest that the condition of a variable density was 
that which accorded with the actual constitution of the atmosphere. Newton, 
bya happy application of dynamics to his doctrine of refraction, reduced the 
problem to a form which tended greutly to facilitate its solution. As each 
stratum of air acted uniformly upon the incident ray*, the resultant 
attraction of the particles was a force directed to the centre of the earth, 
since no reason could be assigned why it should deviate to one side more 
than to another. Hence the investigation of the path pursued by the ray 
of light through the atmosphere, was brought under the theory of central 
forces, the principles of which Newton had already fully established in 
the first book of the Principia. One of the conditions of the problem 
was, the relation between the density of the air and its refractive 
power; another of equal importance was, the law according to which the 
density of the air diminished in ascending from the surface of the earth. 
Newton rightly supposed the refractive power of the air to be proportional 
‘to its density. The ascertainment of the law of density in ascending 
from the earth's surface was attended with much greater difficulty, since it 
depended upon a knowledge of the physical constitution of the atmosphere. 
Newton commenced his researches by supposing the density to diminish 
by equal degrees with equal increments of altitude. Upon this hypothesis 
he calculated three tables of refraction, one for winter, another for summer, 
and a third for the intermediate seasons of spring and autumn.. These 
tables do not, by any means, exhibit a satisfactory accerdance witH: the 
corresponding results indicated by observation. Newton, in fact, soon 
afterwards discovered that the law of density upon which they rested was 
erroneous, inasmuch as it supposed “the refracting force of the atmo-~ 
sphere as great at the top as at the bottom.” He accordingly aban- 
doned it, as manifestly at variance with the actual state of nature, and 


* The forces of the molecular particles are supposed to be sensible only at insensible 
distances, 

+ Flamstead’s Life, p. 147. The truth of this remark will appear from the following 
consideration. When a ray of light passes from one stratum of air into another, it is at- 
tracted in opposite directions by the two strata with forces proportional to their respective 
densities, It is clear, therefore, that the whole force which is effectual in refracting the 
ray is proportional to the difference of densities of the strata. Now. according to the hy- 
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proceeded to the consideration of another hypothesis, founded upon the 
constitution of the atmosphere, described by him in the 22nd proposition 
of the second book of the Principia. In this proposition the density 
of the air is supposed to be proportional to the pressure, and hence is 
readily deduced the theorem, that, if the distances from the centre of the 
earth increase in arithmetical progression, the densities of the correspond- 
ing stiata of air will diminish in geometrical progression *. This hypothesis 
is more conformable to the real constitution of the atmosphere than that 
adopted by Newton in the first instance, for it has been demonstrated by 
experiment, that the density of air is proportional to the compressing 
force. On the other hand it is to be remarked, that the influence of tem- 
perature is left wholly out of consideration, although it is manifest that 
the superior heat of the lower regions of the atmosphere, by rarefying the 
air, tends inevitably to derauge the law of density which would otherwise 
ensue. It may, therefore, easily be imagined that the new hypothesis of 
Newton did not yield results much more satisfactory than those derivable 
from the original one. In fact, he found that for low altitudes the refrac- 
tions assigned by it were all by far too great. The cause of this dis- 
cordance did not fiil soon to disclose itself to his penetrating intellect. 
“T have found,” says he, “that if the horizontal refraction be 84’, the 
refraction in the apparent altitude of 3° will be 13’ 3”; and if the refraction 
in the apparent altitude of 3° be 14’, the horizontal refraction will be 
something more than 37’, So that, instead of increasing the horizon- 
tal refraction by vapours, we inust find some other cause to decrease it. 
And J cannot think of any other cause besides the rarefaction of the lower 
region of the atmosphere by heat.” Having calculated a table of refrac- 
tions upon this hypothesis, he transmitted a copy of it to Flamstead, in- 
closed in @ letter dated March 15, 1695. The letter is preserved in the 
library of Corpus Christi College, Oxford; but the table of refractions 
which accompanied it has nowhere been found. 

The question naturally arises, was the table of refractions which New- 
ton transmitted to Flamstead, similar in all respects to the one communi 
cated by Hulley to the Royal Society? In order to establish this point in 
the affirmative, it is necessary, in the first instance, to shew that both 
tables were calculated upon the same hypothesis respecting the constitu- 
tion of the atmosphere. M. Biot was the first who proved by strict cal- 
culation, that a theory of atmospheric refraction, in which the densities of 
the successive strata of air are supposed to be proportional to the pressures, 
is capable of furnishing results ideutical with the refractions coutained in 
Halley's tablet. ‘his was soon afterwards demonstrated still more un- 
equivocally by Ivory}. It appears, therefore, that both tables in ques- 
tion were constructed upon the same principles. The sole object that 
still remained to-be accomplished, in order to dispel all doubts respecting 
their common origin, was to establish the identity of their numerical 
results. This has been effected by the aid of a passage of Newton's letter to 
Flamstead, wherein he mentions that if the refraction at 8° of altitude be 
19’ 20” the table may be relied upon as exact to a second for all altitudes 





* Strictly speaking, the theorem requires that the distances from the centre of the 
earth should be in barmonical proportion ; but on account of the immense magnitude of 
the terrestrial radius, compared with the altitudes of the successive strate of air, they may, 
without any sensible error, be taken in arithmetical progression, 

+ Connaissance des Temps, 1839. Addit. p. 105. 

x Phil. Trans., 1888, p. 183. 
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above 10°. Now it appears by reference to Halley’s table that the refrac- 
tion at 3° is therein also equal to 13’ 20%. ‘The conclusion, therefore, is 
unavoidable, that the refractions communicated by Newton to Flamstead 
and Halley, were both copies of the same original table, and that the latter 
was calculated upon the hypothesis that the densities of the successive 
strata of air are proportional to the pressures. ‘This hypothesis neces- 
sarily implies a uniform temperature of the atmosphere. 

It may well excite surprise, that, after Newton had established a theory 
of refraction which agreed in so many of its fundamental principles with the 
actual constitution of the atmosphere, aud had also succeeded im accurately 
working out its results, he declined, notwithstanding, to communicate an 
account of his researches to the world. He was probably induced to adopt 
this course from a consciousness of the inadequacy of his theory to repre- 
sent the actual refractions with all the accuracy demanded by the existing 
state of practical astronomy. We have seen that he did not fail w per- 
ceive that the rarefuction of the air in the lower regions of the atmosphere, 
would cause the refractions near the horizon to be in reslity less than 
those assigned by theory. It does not appear, however, that he attempted 
to correct his results by taking into consideration the iniluence of tempera 
ture. He, doubtless, was of opinion that the law of the variation of this 
element in ascending from the surface of the carth, was too imperfectly 
known to justify the hope of ascertaining its effect upon refraction by a 
process of strict calculation. Indeed it inay be asserted that the question 
with respect to the mean influence of temperature upon the constitution 
of the atmosphere, has proved a stwnbling-block to every astronomer and 
mathematician who has undertuken to investigate the laws of refraction, 
from Newton's time down to the present day. 

Although Cussini’s table of refractions was generally adopted by astro- 
nomers, on account of its satisfactory agveemeut with the results of obser- 
vations, it was well known that the hypothesis of n homogeneous atmosphere, 
upon which it rested, did not truly represent the netual state of nature. 
In 1702 La Hire attempted to determine the path pursued by a ray of 
light through the atmosphere, by taking into account the variable density 
of the air; Int his investigation not being grounded upon accurate 
physical principles, the conclusion at hich he arrived was necessarily 
erroneous In 1714, J. Cassini sought to effect the same object by arbi- 
trarily assuming several curves as represcntatives of the path of a ray 
of light through the atmosphere, and trying which of them ugreed best 
with the observed refractions. He found that by supposing the path of 
the ray to be circular, the refractions were represented better than by his 
father's theory}. It is hardly necessary to remark, that a problem so 
intricate as that of atmospheric refraction, does not admit of even an 
approximate solution by a process so purely tentative as that above 
hinted at. 

The first investigation of the problem of astronomical refraction upon 
sound physical principles, or at any rate the one which was first commu- 
nicated to the world, is due to the celebrated mathematician, Brooke 
Taylor. At the evd of his treatise, “‘ Methodus Incrementoram,” pub- 
lished in 1715, he employs Newton's doctrine of refraction, as expounded 
in the sixth section of the first book of the Principix, to investigate the 
curve described by a ray of light in its passage through the atmosphere. 
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Assuming that the refractive power of the-air is proportional to its density, 
and that the densities of the successive strata of air are proportional to 
the pressures, he succeeded, by the aid of analysis, in obtaining a rigorous 
solution of the problem; but the results at which he arrived were not ex- 
hibited in a form that was commodious for calculating a table of refractions. 
It is a remarkable fact, that while Taylor deduced the expression for 
the differential of refraction with all desirable accuracy, he stood in this 
respect almost alone, until Kramp published his researches on refraction 
towards the close of the eighteenth century *. 

In 1729 Bouguer investigated the theory of astronomical refraction in a 
memoir which obtained for him the prize of the Academy of Sciences of 
that year. Instead of adopting the Newtonian doctrine of refraction, he 
imagined the incessant deflection of a ray of light proceeding from a 
celestial body through the atmosphere, to be occasioned by the action of 
a substance pervading the aerial fluid, which he termed the refractive 
matter, aid which he supposed to dilate gradually in ascending from the 
surface of the carth. Assuming a certain hypothesis with respect to the 
dilatation of the refractive matter, he deduced a theorem for computing 
the refraction corresponding to any assignable altitude. The values of 
the constants upon which the practical application of this theorem rested, 
were determined by means of two observed refractions. ‘These were the 
horizontal refraction, which he fixed at 83’, and the refraction at 26° of 
altitude, which he made equal to 2’ 12”. He then computed a table of 
refractions extending from the horizon to the zenith, which was found to 
exhibit a tolerably satisfactory agreement with observation. 

In 1743 Thomas Simpson published his “ Mathematical Dissertations,” 
which contained an investigation of the problem of astronomical refraction. 
He remarked that the hypothesis respecting the constitution of the atmo- 
sphere which assumed the densities of the successive strata of air to be 
proportional to the pressures, was manifestly erroneous; for although it 
was quite true in the case of a uniform distribution of heat, it was inappli- 
cable to the actual state of nature, in consequence of the air in the upper 
regions of the atmosphere being colder, and therefore less elastic, than 
the air near the surface of the earth. Hence, instead of supposing the 
densities of the successive strata of air to diminish in geometrical progres- 
sion, which is the Jaw corresponding to a uniform temperature, he sup- 
posed them to diminish by equal degrees as the altitude above the earth's 
surface increased, or, in other words, he supposed them to diminish in 
arithmetical progression relative to the altitude. Assuming the Newtonian 
doctrine of refraction as the basis of his investigation, he deduced a very 
concise theorem for calculating the refraction corresponding to any assigned 
zenith distance. ‘The constauts involved in this theorem were determined 
by means of two observed refractions, for which he was indebted to Dr. 
Bevis, a contemporary astronomer. ‘These were the horizontal refraction, 
which was valued at 33’, and the refraction at 30° of altitude, which was 





* M, Matthieu, in his interesting note on the theory of astronomical refraction, inserted 
at the end of Delambre’s “ Histoire de ? Astronomie au Dixhuitiéme Siécle,” has remarked 
that the expression for the differential of refraction assigned by Taylor is not rigorously 
true. M. Plana, however, has very plainly shewn that this remark is not correct, being 
quite irreconcilable with the process of investigation, as well as the numerical data of 
Taylor. (Mém. Acad. Tur., vol. xxxii., p. 61.) M. Matthieu’s mistake arose from attach- 
ing too literal a signification to a verbal expression employed by the English mathema- 
tictan. 
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fixed at 1’ 30%.3. By the aid of these data Simpson calculated a table of 
refractions, which was found to agree sufficiently well, under certain 
restrictions, with the results of observation m all those’ cases wherein 
the altitude was considerable. Another table was calculated by him, 
in which the fundamental refractions were somewhat larger than those 
above stated. This modification of the original table was intended to 
meet the case of a low temperature of the atmosphere. M. Matthieu was 
the first who shewed that Simpson’s theorem is in point of fact identical 
with the one which Bouguer had deduced a few years previously, by 
means of an investigation founded on a totally different conception of the 
nature of refraction. 

While mathematicians were engaged in researches on the theory of 
atmospheric refraction, astronomers were endeavouring, by the aid of ob- 
servation, to calculate tables which should be capable of assigning the 
magnitude of refraction at any altitude above the horizon. It was long, 
however, before they perceived the necessity of taking into account the 
corrections depending upon the variations of the pressure and temperature 
of the air, Halley was the first who remarked that the quantity of refrac- 
tion must necessarily vary with the weight of the atmosphere. In 1720 
he read before the Royal Society a paper relating to J. Cassini's researches 
on the parallax of Sirius, wherein he asserted that Hawksbee having 
demonstrated by experiment that the vefractive power of the air is propor- 
tional to its density, it followed that if the barometer were supposed to 
vary from 28 to 30 inches, or one-fifteenth part, the quantity of refraction 
at every altitude would undergo an equal degree of variation, and hence 
he inferred that the refraction of Sirius, which was 1’ 55”, might fluctuate 
from this cause to the extent of 7” or 8” We have already seen that 
Picard found reason to suspect that the refractions were affected by the 
variations of temperature. La Hire denied that observation afforded any 
proof of the refractions being liable to fluctuate from such a cause, No 
further notice of the subject appears to have been taken by any astro- 
nomer until Le Monnier directed attention to it on the occasion of his 
publication of the Histoire Céleste, in the year 174]. In the introduction 
to that work he asserted that the variations in the temperature of the 
atmosphere exercised a sensible influence on the refractions of the celestial 
bodies. From a great number of observations of circumpolar stars, made 
by him during the greatest heat of summer and the most intense cold 
of winter, he inferred that, at 4° 44’ of altitude, the variation of refraction 
was 2’, corresponding to a variation of the thermometer amounting to 36°. 

The three celebrated astronomers, Bradley, Lacaille, and Mayer, whose 
labours, in so many respects, form the commencement. of a new era in the 
history of astronomy, simultaneously introduced the practice of applying 
to a mean table of refractions, the corrections depending upon the daily 
fluctuations of the barometer and thermometer. From observations of the 
least and greatest altitudes of cireumpolar stars, and of the altitude of the 
sun at the equinoxes, Bradley deduced a theorem of great simplicity and 
elegance for computing the mcan quantity of refraction corresponding to 
any given altitude. The variable effect depending on the pressure of the 
atmosphere offered no difficulty, being simply proportional to the oscilla- 
tions of the barometer. The correction for the variation of temperature 
was a delicate point of investigation. By instituting a careful comparison 
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between the actual refractions, as determined at the extreme degrees of 
heat and cold throughout the year, Bradley deduced a rule for com- 
puting its values, which was found to present a remarkable agreement 
with the results of observation. ‘he application of the corrections for 
pressure and temperature to the theorem for computing the mean refrac- 
tions, furnished him with a general rule for computing the quantity of 
refraction, corresponding to any apparent altitude, and under every condi- 
tion of the atmosphere, with respect to pressure and temperature. The 
refraction at 45°, when the barometer stood at 29.6 inches, and the 
thermometer at 50° Fahrenheit, was fixed by him at 56.8. The general 
rule assigned by him was found to give, results of remarkable accuracy, 
as far as 80° of zenith distance, and until about the beginning of the 
present century it was almost universally used in the computation of 
astronomical refractions. 

Mayer's formula for refraction appeared in a posthumous work, contain- 
ing his solar and lunar tables, which was published at London in the 
year 1770*. The main peculiarity of this formula was the thermometric 
correction, which, although somewhat different from Bradley's, was found 
to represent the effects produced by the variations of temperature with 
very great accuracy. Lucaille’s researches on refraction were founded on 
a comparison of a great number of observations made by him at the 
Cape of Good Hope with corresponding observations made at Paris. By 
a comprehensive and skilful discussion of these observations he succeeded 
in forming a table of refractions extending from the zenith to a distance 
of 6° from the horizon. THe made the refraction at 45° equal to 667.5, the 
barometer being supposed to stand at 2% French inches, and the thermo- 
meter at 10° Reaumur. This determination was manifestly too great by 
6” or 7”, a circumstance which seemed inexplicable when the acknow- 
ledged accuracy of Lacaille, as an observer, was taken into account. 
Maskelyne was the first who traced the error to its true source, namely, 
to adefect in the instrument of Lacaille!. Delambre, by various calcula- 
tions, has fully verified the assertion of the English astronomer}. 

The theory of astronomical refraction continued throughout the whole 
of the eighteenth century to exercise the talents of the most eminent 
geometers of Europe. Its slow improvement is mainly attributable to 
the imperfect knowledge that prevailed respecting the actual coustitution of 
the atmosphere. In 1744, Kramp, a German mathematician, published a 
work containing » more complete investigation of the subject than any 
which had hitherto appeared. 1t had been already ascertained that, ex- 
cept for low altitudes, there were several hypotheses respecting the law 
of the density of the air that were capable of vepresenting the observed 
refractions with almost the same degree of accuracy, provided the values of 
the constants were determined with sufficient precision. Kramp com- 
menced his researches by supposing that the densities of the successive 
strata of air diminish in the same ratio with the pressures, an hypothesis 
which implied that the temperature of the air is uniform. By a rigorous 
analysis he deduced an expression for retraction involving two constants, 
the values of which it was possible to determiue without having recourse to 
astronomical observation. These were the refractive power of the air, and 
its density at the surface of the earth corresponding to given hcight of the 








* Tabulse Motuum Solis et Lunew. Lond., 1770. 
+ Phil. Trans., 1787, p. 173. 
+ Hist. Ast. au Dixhuitiéme Siécle, pp. 485-89. 
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barometer. We have seen that Cassini, Bouguer, and Simpson succeeded 
in determining the elements of their respective theories, only by means of 
two observed refractions of a celestial body. Kramp imagined that the 
formula he had deduced from the hypothesis of a uniform temperature 
would serve to represent the observed refractions as far as 84° of zenith 
distance. ‘This, however, was awarding to it a greater degree of accuracy 
than it was really entitled to. Lor the refractions near the horizon he 
adopted a more comprehensive view of the subject, by taking into account 
the influence of temperature in modifying the law of the density of the 
air, 

The illustrious Laplace was the next person who contributed by his 
labours to the improvement of the theory of astronomical refraction. By 
pursuing a method of investigation founded upon the omission of small 
quantities, the influence of which, under certain conditions, would be 
insensitle, he deduced « formula for refraction, which possessed the advan- 
tage of being independent of any hypothesis respecting the constitution of 
the atmosphere. The constants were the same as those which Kram: 
bad introduced into his results. The importance of such a formula as 
that discovered by Laplace must be very obvious, when the difficulty of 
ascertaining the law of the density of the atmosphere is taken into con- 
sideration. It is but just, however, to state that the illustrious geometer 
referred to was anticipated on this occasion by Oriani, who had been con- 
ducted, by an investigation of the subject, to a similar result several 
years previous to the publication of the Mécanique Céleste *. 

Laplace found, by strict investigation, that no appreciable error would 
be entailed on the final results by the peculiar mode of procedure which 
he employed in deducing the above-mentioned formula, so long as the zenith 
distance did not excecd 74°. The investigation of the law of refraction 
towards the horizon was attended with extreme difficulty, since it de- 
pended upon the peculiar constitution of the atmosphere, which in a great 
degree was unknown, on account of the uncertainty that prevailed respect- 
ing the precise influence of temperature. Having remarked that’ an 
atmosphere whose density diminished in geometrical progression made 
the refractions towards the horizon too great, while, on the other hand, 
one whose density diminished in arithmetical progression made the same 
refractions too small, Lapls 
should combine both laws of progression would probably afford an accurate 
representation of the true constitution of the atmosphere. Pursuing this 
idea he investigated the law of refraction for low altitudes, and deduced a 
formula which he adapted so as to represent the observed refraction at the 
horizon, By means of this formula, which was designed to represent the 
refractions of all zenith distances greater than 74°, and the formula 
already referred to, which was applicable to the remaining part of the 
quadrant, a table of refractions was calculated under the superintendence 
of the French Bureau des Longitudes, and was first published in the year 
188. The refractive power of the air was determined astronomically, 








* The investigation alluded to in the text, according to Plana, appeared in the Milan 
Ephemeris for 1788. (Mém. Acad. Tur., tome xxvii.) Oriani’s remarks upon the ex- 
pression deduced by him are very clear in reference to the question of its generality. 
The following are his words, as cited by the philosopher just mentioned:— Quem ex. 
preasio & pullA pendet hypothesi. vel circa calos 
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and also by direct experiments with the prism. Delambre, by a dis- 
cussion founded upon a great number of Piazzi’s observations of circum- 
polar stars, and also several hundreds of his own observations of the sun, 
determined the refraction at 45° of altitude to be equal to 577.58, the 
barometer being supposed to stand at 29.6 inches, and the thermometer 
at 50° Fahrenheit. MM. Avago and Biot, by means of experiments with 
the prism, obtained a result indicating that, at the same altitude, and 
under the same conditions of temperature and pressure, the refraction 
of the atmosphere was equal to 57.65. The agreement of this quantity 
with that found by Delambre must be regarded as very satisfactory, 
especially when the widely different nature of the methods employed in 
determining them is taken into account. 

The table of refractions calculated upon the basis of Laplace's formula 
was found to represent the observed refractions better than any other that 
had been hitherto used by astronomers. It has since been published 
annually in the Connaissance des Temps, and has always been held in 
great esteem for its accuracy. From the zenith to a distance of 80° the 
results agree with the observed refractions to within 1”. For lower 
altitudes they exhibit a small error in excess, which. increases continually 
towards the horizon *. In the Connaissance des Temps for 1851, M. 
Caillet has calculated the table anew upon the same basis, the results 
being worked out to a greater degree of accuracy, so as to adapt-them to 
the present advanced state of astronomical science. 

From the relation between the density and pressure of the atmosphere, 
assigned by his theory, Laplace deduced the law of the diminution of 
temperature in ascending from the surface of the earth. He endeavoured 
to verify his theory in this respect by comparing it with a thermometric 
experiment made by Gay Lussac at an altitude of 6980 métres above the 
level of the Seine, on the occasion of his famous ascent from Paris in a 
balloon. The result of this comparison was considered by Laplace to 
afford a satisfactory confirmation of his theory, for a near agreement be- 
tween the actnal and calculated temperatures could not be expected to 
take place, on account of the oscillations that incessantly occur in the 
atmosphere. It must be admitted, however, that in the present instance 
the representation of the actual constitution of the atmosphere was far less 
satisfactory than in the case of the refractions, even after assigning their 
due weight to such temporary causes of discordance +. 

Jn 1814, Dr. Brinkley communicated to the Royal Trish Academy a 
paper on the theory of astronomical refraction. Assuming, as facts esta- 
blished by experiment, that the sines of the angles of incidence and re- 
fraction bear a constant ratio to each other when the media remain the 
same, and that for media of different densities the refractive power is pro- 
portional to the density, he deduced the formule for refraction correspond- 
ing to various hypotheses respecting the constitution of the atmusphere, 
without having recourse to the Newtonian doctrine relative to the attraction 
of particles at insensible distances. From 525 of his own observations of 
eircumpolar stars, he determined the refraction at 45° to be 57.42, the 
barometer standing at 29.6 inches, and the thermometer at 50° Fahren- 
heit. Tables were given by him in the same paper to facilitate the caleu- 
lation of refractions }. 

* Phil. Trans., 1838, p. 186. + See Méc. Cél., tome iv., p. 265. 

+ Trans, Roy. Irish Acad., vol. xii., p. 77, et seq. 
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In 1823 the late Mr. Ivory communicated to. the Royal Society an im- 
portant paper containing an account of his researches on the theory of 
astronomical refraction *. Its chief peculiarity consisted in the mode in 
which the influence of temperature was considered. Laplace, as we have 
seen, did not introduce this element explicitly into his researches. He 
merely assumed an hypothesis respecting the constitution of the atmo- 
sphere, which he conceived would be adequate to account for the effects 
depending upon the combined variations of temperature and pressure 
in ascending from the surface of the earth. But although the results 
calculated on this hypothesis exhibited a remarkable accordance with ob- 
servation, in so far as regards the refractions of the celestial bodies, still 
it was desirable to attain the same degree of accuracy by means of a 
theory in which the temperature of the air appeared in an explicit form as 
one of the fundamental elements upon which the ultimate results were 
based. In the outset of his researches Mr. Ivory supposed the tempera-" 
ture of the air to diminish at a uniform rate corresponding to equal 
increments of altitude. In order to calculate the refractions upon this 
hypothesis, it was necessary to ascertain the actual diminution of tempera- 
ture corresponding to a given elevation above the surface of the earth. 
Mr, Ivory determined the value of this element by a comparison of 
thermometric experiments made at various altitudes by Gay Lussac, 
Ramond, and Humboldt. The resulting refractions agreed very well with 
the corresponding quantities deduced from observation ; but as the hypo- 
thesis upon which they rested, assigned to the atmosphere a height 
considerably less than was otherwise probable, Mr. Ivory rejected it, and 
adopted another founded upon a somewhat different law of temperature, 
the accuracy of which he verified by shewing its agreement with the actual 
temperature and pressure of the air as deduced from experiments made at 
various altitudes above the level of the sea. The initial rate of the ~ 
diminution of temperature, being a fact established by experiment, was 
necessarily the same in this as in the previous hypothesis. Mr. Ivory 
having deduced the results of his theory by a process in which his 
mathematical genius is strikingly conspicuous, employed them in ealcu- 
lating a new table of refractions. The elements were identical with those 
of the French tables, except that the constant representing the initial rate 
of the diminution of temperature was used instead of the horizontal 
refraction, The resulting refractions were found to agree with observation 
as nearly as any that had beey hitherto calculated. 

Mr. Ivory’s theory of refraction possessed the advantage of being 
founded upon elements, the values of which it was possible to ascertain 
without having recourse to astronomical observation. It was also found to 
present 2 closer, as well as a more general, agreement with the actual 
diminution of temperature in ascending from the surface of the earth than 
any previous theory had done. Moreover, the results were obtained by 
employing an expression for the variation of the density of the atmosphere 
that was characterised by an extreme degree of simplicity. M. Plana is 
inclined to doubt whether any new theory of refraction, whatever peculiar 
advantages it may seem to hold forth, will he found which shall be capable 
of assigning results of the same degree of accuracy by means of an equally 
simple law of density }. The same distinguished philosopher has shewn that 


* Phil. Trans., 1823, p. 409, et seq. 


et ee At ay 


384 HISTORY OF PHYSICAL ASTRONONY. 


by applying Ivory’s law of the diminution of temperature to the superior 
regions of the atmosphere, the result agrees very nearly with that deduced 
by M. Fourier, relative to the mean temperature of the planetary regions 
depending upon the radiation of heat from the celestial bodies. Mr Ivory 
developed his theory more fully in a paper which he communicated to the 
Royal Society in the year 1838 *. 

No essential improvement has been made in the theory of astronomical 
refractions since the publication of Mr. Ivory’s remarkable results. The 
labours of those eminent geometers who have subsequently directed 
their attention to the subject, serve only to shew that the most con- 
summate mathematical skill, apart from experimental researches, is no 
longer adequate to this end. A review of the progress of this interesting 
branch of physical enquiry cannot fail to suggest the conclusion that the 
steps which have led to its present advanced condition are mainly dug, 
to the successive labours of Newton, Taylor, Oriani, Kramp, Laplace, and 
Ivory. With respect to Newton, we allude solely in this remark to his 
exposition of the doctrine of refraction generally upon physical principles, 
since his unpublished researches on astronomical refraction, considered as 
a special branch of enquiry, could not possibly exercise any influence on 
the labours of his successors, On the other hand it is impossible to 
peruse without feelings of intense admiration the account of that illus- 
trious philosopher's researches, as exhibited in his correspondence with 
Flamstead. ‘Ihe accurate conception which he forms of the relation 
between the phenomenon of refraction and the density of the refractive 
medium, the acuteness which he displays in detecting the various sources 
of its incessant fluctuations, and the sagacity with which he combines the 
physical elements upon which it depends, so as to form the groundwork 
of a profound mathematical investigation—are all unequivocal indica- 
tions of 2 genius of the most exalted order, and such as proclaim, in no 
unworthy language, the immortal anthor of the Principia. Previous to 
the publication of his correspondence with Hlamstead, it was supposed 
that his researches on the subject did not extend beyond the explanation 
of the general phenomena of refraction by mechanical principles, and the 
determination of the luw of the density of the atmosphere upon the hypo- 
thesis of a uniform temperature. It now appears that, by a berutifal 
application of his theory of central forces, he completely solved the 
problem of atmospheric refraction upon more than one hypothesis respect- 
ing the law of densi The only real step in advance that has been made 
by Newton's successors consists in the introduction of the element of terh- 
perature into the researches on the subject }. The intimate connexion of 
this principle with the density of the atmosphere, and its consequent 
influence upon the refraction of a cclestial body, did not fuil to be discerned 
by him; but the imperfect state of thermotics in his time rendered 
hopeless any attempt to investigate the effects produced by it. 

Whatever improvements may he effected in the theory of astronomical 
refraction by future enquiry will, in all probability, depend upon the 














* Phil. Trans., 1838, p. 169, ct seq. 

+ It is worthy of remark that those geomcters who refused to admit the Newtonian 
principle of the attraction of the molecules of matter, faited by means of any other hypo- 
thesis to deduce the rigorous expression for the differential of refraction. Thus Plana 
has shewn (Mém. Acad. Tur., tomes xxvii, xxii.) that the expressions assigned by D. Ber- 
noulli, Euler, Lambert, and Lagrange were all more or less erroneous. Kramp, Laplace, 
and all modern enquirers, except Brinkley, have employed the Newtonian theory. 
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success of experimental researches on the constitution of the atmosphere, 
instituted mainly with a view to ascertain, with a greater degree of preci- 
sion, the mean law of the density of the air and the influence of the 
aqueous vapour diffused throughout the different strata. It is a fortunate 
circumstance that, except in those cases wherein the zenith distance is 
considerable, theory is capable of representing the observed refractions 
independently of a knowledge of the law of density. The question rela- 
tive to the influence of the aqueous vapour suspended in the atmosphere 
is still involved in great obscurity, notwithstanding the researches of 
several eminent modern philosophers on the subject *. 

On account of the imperfect state of the theory of refraction, many 
astronomers have been induced to rely mainly upon their own observations 
for.the means of constructing tables which shall assign with precision the 
numerical value of this correction, corresponding to any given altitude, 
Allusion has already been made to the labours of Bradley and his con- 
temporarics, with a view to the attainment of this end. In more recent 
times the subject has occupied the attention of many eminent astronomers. 
Pinzzi, while engaged in the construction of his great catalogue of stars, 
employed a table of refractions which he deduced wholly from his own 
observations. Groombridge, Carlini, and many other astronomers of the 
present age, have distinguished themselves by researches of a similar 
nature. T'he labours of Bessel on this subject were worthy of his com- 
manding powers of investigation. In the Berlin Mphemeris for 1818, 
he determined the refractions deducible from Bradley's observations. He 
resumed the subject in the Fundamenta Astronomia, employing the 
suggestions of theory to aid him in his researches. In the Tabule 
Regiomontane he has given a table of refractions extending from the 
zenith to a distance of 833°. This table, being founded upon a skilful discus- 
sion of a great number of accurate observations, is regarded as one of the 
most trustworthy that has been hitherto calculated, and in consequence 
is generally used by the astronomers of the present day. 

No table has yet been calculated which is capable of representing the 
refractions near the horizon with a degree of precision adequate to the re- 
quirements of astronomical observation. The physical constitation of the 
atmosphere, which fails to exercise any sensible influence on the refrac- 
‘tions at considerable altitudes, plays au important part when the rays of 
light from the celestial bodies enter the refracting medium in very 
oblique directions ; qnd, being liable to incessant oscillations from meteoro- 
logical causes, it occasions thereby corresponding variations in the re- 
fractions {. Irregularities in this manner arise which are found to be 








* The refractive power of aqueous vapour exceeds that of air of the same density ; but 
it has been found that under the same pressure of the atmosphere, the density of air exceeds 
that of the vapour suspended in it, nearly in the same proportion. Hence the influence 
of aqueous vapour upon refraction has been generally supposed to be insensible. 

+ If the earth was bounded by a plane surface, and the air was arranged in strata. 
parallel to it, the refraction suffered by a ray of Jight proceeding from a celestial body, 
would be the same as if it had at once passed from the ethereal regions into the air 
at the earth's surface. Hence, in such a case, the quantity of refraction corresponding to 
any given altitude might be deduced simply from researches on the density of the air 
at the earth’s surface, independently of a knowledge of the law according to which Hhé 
density varied. Now, when a ray of light proceeds from a celestial body near the zenith, 
it is manifest that, although the strata of air are in reality disposed in concentric spherical 
shelis, hey are nearly parallel to each other at the points where the ray impinges upot 
them. On the other ne if the ray proceeds from a celestial object, situate Dear the 
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altogether independent of the usual indications of the barometer and 
thermometer. Such anomalous effects are doubtless attributable to 
changes in the upper regions of the atmosphere, the nature and extent of 
which the observer is unable to ascertain even with the smallest degree of 
success. It would, therefore, appear to be a work of supererogation to 
calculate the mean refractions for low altitudes when the appropriate 
corrections to be applied to them do not exhibit sufficient indications 
whereby their values may be determined. The mode of procedure that 
appears to be best adapted for overcoming this difficulty, consists in an 
extensive study of meteorological phenomena, with a view to ascertain the 
laws of those oscillations which affect the mean condition of the atmo- 
sphere at different altitudes above the surface of the earth. It is 
gratifying to think that this branch of physical enquiry is at length 
beginning to receive an amount of attention adequate in some degree to 
its paramount importance. 

The grand discovery of the Aberration of Light resulted in an attempt 
to detect the annual parallax of the fixed stars. Although the facts re- 
vealed by the invention of the telescope and the discovery of gravitation, 
had the effect of establishing beyond all doubt the truth of the Copernican 
system of the world in the miuds of astronomers, still it was desirable to 
obtain an assurance on this point, founded upon an argument which ap- 
pealed more directly to the senses than any that had been hitherto adduced. 
The absence of any appreciable change in the positions of the fixed stars, when 
observed at opposite extremities of the terrestrial orbit, was one of the earliest, 
as it was unquestionably the most serious objection that had been urged 
against the earth's motion ; and it was always considered that the detection 
of such a change by observation would furnish an irrefragable proof that 
the earth is not the centre of the solar system. Astronomers in various ages 
had attempted to accomplish this object, but all their efforts had hitherto 
proved fruitless. One of the methods which scemed to be best adapted 
for this purpose was that employed by Hooke, of observing stars whose 
zenith distance is small, since the effects arising from any uncertainty 
in the value of refraction are thereby avoided. That astronomer had 
selected for the object of his enquiry the bright star y Draconis, which 
passes within afew minutes of the zenith of Gresham College, where 
his instrument was erected; and by observing it carefully at different 
seasons of the year, he came to the conclusion that it had a sensible 
parallax. It was with the view of verifying the interesting result an- 
nounced by Hooke that, towards the close of the year 1725, Molyneux, 
an amateur of astronomy, resolved to undertake a series of observations 
of the same star. In pursuance of this design he caused a large zenith 
sector to be constructed by Graham, the famous mechanician, which he 
erected at Kew, his place of residence. On the 3rd of December, 
1725, the instrument was for the first time employed in determining 
.the position of the star as it passed the zenith. Similar observations 
were also made on the 5th, llth, and 12th of the same month, but no 
change in the position of the star having been detected, a circumstance 
which was naturally accounted for by the position which the earth then 
occupied in its orbit, ic was deemed unnecessary to make any further 








at the points of impact rapidly diverge from parallelism. I¢ is manifest, therefore, that 
while in the former case the law of the density of the atmosphere may be dispensed with, 
in computing the quantity of refraction, without entailing any material error, the same 
course of procedure cannot be pursued with equal safety in the latter case. 
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° 
observations until the season of the year should arrive when the effect 
produced by parallax would be most readily apparent *. It was, therefore, 
more frog curiosity than any other motive, according to his own state- 
ment, that Bradley, who was then at Kew, was induced to observe the 

“star on the 17th of December. On this occasion the position of the star 
was found to be somewhat more southerly than it appeared to have been 
from the previous determinations. Suspecting that the discordance arose 
from an error in the observations, Molyneux and Bradley again determined 
the position of the star on the 20th of December, when to their great 
Surprise they discovered that it had advanced still further towards the 
south}. This circumstance was the more surprisihg, as the direction of 
the star’s apparent motion was opposite to that which would have resulted 
if the effect had been occasioned by parallax. The star continued 
to advance towards the south until about the beginning of March, 1726, 
when it attained a distance of 20” from its original position. It now ap- 
peared for some time to be stationary, no sensible change of position having 
been indicated by several successive observations. Ahout the middle of 
April it appeared to be returning towards the north, and by the middle of 
June it again passed the meridian at the same distance from the zenith 
as it did in the beginning of December. It continued to pursue the 
same direction until September, when its displacement towards the north 
became as great as it had been towards the south in the beginning of 
March, After remaining for some time stationary, it again reversed its 
motion, and finally arrived, in the beginning of December, in the same 
position which it occupied twelve months previously, allowing for the 
small change of declination, occasioned by the precession of the 
equinoxes, 

The great regularity with which the phenomenon passed through its’ 
successive phases, clearly indieated that it was not accidental, but, on the 
contrary, that it arose from the uniform operation of some unknown 
physical cause. A nutation of the earth's axis suggested itself as probably 
capable of explaining the observed motion ; but although this hypothesis 
accounted sufficiently well for tho change of declination of x Draconis, it 
was soon found to be inconsistent with similar observations of other stars. 
This was more especially true with respect to a small star opposite in 
right ascension to y Draconis, In this case the direction of the apparent 
motion of the star was indeed such as would have resulted from a. nutation 
of the earth's axis; but the actual change of declination was equal only 
to half that of y Draconis, whereas, if the phenomenon had been really 
due to a nutation of the earth's axis, the change of declination would have 
been nearly the same for both stars. Their attempt to explain the 
phenomenon by refraction was also equally unsuccessful . 


* The annual parallax of a fixed star in latitude, is at its maximum when the earth is 
situate in the plane of a great circle to the ecliptic passing through the star. In such a 
position it is manifest from the mathematical nature of a maximum or minimum, that the 
variation of parallax must be insensible. Now, since the star y Draconis is situate neat 
the solstitial colure (in 3900 its right ascension was about 267°), it is easy to see that 
the above condition would be nearly fulfilled about the time when Molyneux commenced 
his observations. 

+ The loose piece of paper upon which Bradley made the memorandum of this famous 
observation, has been found among his manuscripts. A fac-simile of this highly in- 
teresting relique is given by Rigaud in his Miscellaneous Works and Correspondence 
of Bradley, 

$ Their conjecture respecting the Trobability of the displacement being oceasioned by 
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Being anxious to ascertain the laws of this singular phenomenon 
and to discover its physical cause, Bradley resolved to procure an in- 
strument for himself, so that he might make observations for ghat pur- 
pose with greater convenience. He therefore made Graham construct 
for him a zenith sector which meagured 12} feet in length, and had an 
are of 6)°. By means of so large an arc he was enable to make choice 
of more than 200 stars of different magnitudes contained in Flamstead's 
Catalogue*; but his principal reason for having recourse to such a con- 
struction was, that he might observe Capella, which was the only star of 
the first magnitude that passed near his zenith. 

The instrument having been erected at Wansted in Essex, on the 19th 
of August, 1727, Bradley proceeded forthwith to make observations with 
it, selecting such stars as appeared to be best adapted for throwing light 
upon the phenomenon}. Of these there were twelve that could be observed 
at all seasons of the year, being bright enough to be seen in the day-time 
when nearest the sun. He had not long continued his observations when 
he found that only those stars which were situated near the solstitial 
colure were farthest north and south when the sun was about the equi- 
noxes; and he finally discovered it to be a general Jaw that each star was 
farthest north when it passed the zenith about six o'clock in the evening, 
and farthest south when it passed about six in the morning. When his 
observations had extended over a whole year, he proceeded to compare 
them together, and having obtained a satisfactory knowledge of the laws 
of the phenomenon, he began to enquire into its probable cause. He had 
already arrived at the conviction that it could not be due to a nutation 
of the earth's axis. He had also ascertained that it could not in any way 
arise from refraction. He now considered the effect of an alteration in 
the direction of the plumb line, but he soon found it was inconsistent with 
his observations. At length the happy idea occurred to 
his mind, that the phenomenon might be completely ac- 
counted for by the gradual propagation of light, combined 
with the motion of the carth in its orbit. ‘The following 
is a brief exposition of the mode in which he conceived 
it to originate, ; ‘ 

Let ca bea ray of light falling perpendicularly upon 
the line pz. ‘Then, if the eye is at rest at a an object 
at c must appear in the direction ac whether light be 
propagated in time or in an instant. But if the eye is 
moving from B towards A, and if light at the same time is 
propagated with a velocity that is to the velocity of the 
eye as cA to BA, then the particle of light which 
enters the eye at a must have been at c when the eye 
was at B. Hence, if 3 ¢ be a tube capable of admitting 
only one particle of light, it is manifest that the particle DA SB 
at c will descend along the tube if it be inclined at the 
angle apc, but that it will not reach the eye if the tube be inclined 
at any other angle. In like manner, if pc represent the tube of a 
telescope through which the object is viewed, it must be inclined at 





refraction, was founded on the supposition of an annual change in the figure of the at- . 
mosphere, produced by the motion of the earth through a resisting medium. 

* The instrument of Molyneux had a range of only a few minutes; its length, how- 
ever, was twice that of Bradley’s. 

++ Molyneux assisted Bradley in erecting his sector, On the 22nd of August, 1727, 
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the angle Bc, in order that the particle of light entering the eye 
at a, shall have descended along the optical axis of the telescope. If 
the eye had been moving with the same velocity but in the contrary 
direction, viz., from p towards 4, then the tube must have been in- 
clined at the angle a po, which is equal to the former ‘angle. Although 
therefore, the true place of the object at c, when viewed from a, is perpen- 
dicular to the direction in which the eye is moving, it will appear in the 
direction of the tube, and the magnitude of the displacement henee arising 
will manifestly depend upon the relation between the velocity of light and. 
the velocity of the eye. If light moved 1008 times faster than the eye, 
the angle 4B would be equal to 89° 564’, and the displacement of the 
object would consequently amount to 3h. 

Admitting that the earth reyolyes round the sun in an annual orbit, 
and that the velocity of light exceeds that of the earth, in the ratio of 
1000 to 1, it follows from what has been already stated, that an object 
situate in the pole of the ecliptic would appear during the course of a 
year to describe a small circle whose radius is equal to 34’, its true place 
being the centre of the cirele, Bradley further ascertained that an object 
situate in any other positign of the celestial sphere would describe annually 
a small ellipse round its true place, the minor axis of which would coincide 
with the circle of longitude passing through the object. He also inferred 
from his hypothesis that the major axis of the ellipse would be equal to 
the radius of the small cirete which an object situate in the pole of the 
ecliptic would describe, and that the minor axis would be to the major 
axis as the sine of the latitude to radius. 

Since the radius of the small circle, which an object situate in the pole 
of the ecliptic would thus seem to describe, depends upon the ratio of the 
velocity of light to the orbitual velocity of the earth, it is manifest that 
if the radius of this circle be determined by observation, the ratio in 
question may hence be readily ascertained. Now Bradley found from 
observations of » Draconis that the radius of the small circle amounted to 
20.2, whence he concluded that the velocity of light exceeds the velocity 
of the earth in its orbit in the ratio of 10,210 to 1. Knowing the velocity 
of the earth he hence obtained 8" 12 for the time which light occupies in 
passing from the sun to the earth. By means of similar observations of 
yarious other stars he found that the major axis of the appareut ellipse 
described by each star, or in other words the diameter of the little circle 
which a star situate in the pole of the ecliptic would describe, was con- 
tained somewhere between 40” and 41”. Assuming its true value to be 
403” he hence inferred that light occupied 8" 13+ in passing from the 
sun to the earth. ‘This appeared to him to afford an interesting con- 
firmation of his hypothesis, being a mean of the results deduced at dif- 
ferent times from the eclipses of Ji upiter’s satellites. 

Having determined the maximum yalue of the inequality, Bradley next 


he thus writes in the journal of his observations at Kew : —« Now Mr. Bradley's instrue 
ment is set up and we go on comparing notes from this time." This plan of observing 
together was not, however, realised to any great extent. Only six observations subse- 
quent to the erection of Bradley’s instrument, are recorded in the Kew Journal. The 
last is dated the 29th of December, 1727. Molyneux, having been appointed one of the 
Lords of the Admiralty a few months previously, doubtless found it to be incompatible 
with the due discharge of his official duties, to continue his astronomical observations. He 


died in April, 1728, (Rigaud’s Miscellaneous Works and Correspondence of Bradley.) 
Z2 
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proceeded to compare its variations throughout the year, with the cor- 
responding numbers assigned by his hypothesis. ‘Che result of this 
comparison was in the highest degree satisfactory. Of seventy declina- 
tions of y Draconis determined in the course of a year, one only differed 
more than 2” from the hypothesis, and even in this case the observation 
was marked doubtful on account of clouds. The comparison of the ob- 
served and computed declinations of » Urs@ Majoris exhibited an equally 
gratifying accordance *. 

The phenomenon referred to in the foregoing account received from 
Bradley the name of Aberration. Its discovery is universally regarded as 
one of the most important accessions which astronomical science has ever 
received. The sagacity which Bradley evinced as well in the establish- 
ment of its laws, as in the detection of its physical cause, would entitle 
him to a place among the greatest philosophers of ancient or modern 
times, even if no other triumphs had adorned his career. 

Tt has been mentioned that Bradley estimated the maximum of 
aberration at 20”.25. Upon further consideration he was induced to fix 
jt at 20’ 4. The delicacy of modern researches on astronomy has ren- 
dered a closer approximation to the true value ingispensable, even although 
the corrections assigned by the various enquirers who have devoted their 
attention to the subject, do not in any case exceed a few tenths of a 
second. Delambre, by comparing together observations of a thousand 
eclipses of Jupiter's first satellite, deduced 207.255 as the most probable 
value of the coefficient of aberration. ‘This result, as we have seen, agrees 
very nearly with that originally obtained by Bradley. Various deter- 
minations of this element, have been assigned by modern astronomers, 
which generally fluctuate between 207.7080 and 20.2116. In 1844, 
Baily, having compared together all those that were known to him, de- 
duced 207.4192 as the most probable value. This result has received a 
strong confirmation from the recent researches of MM. Peters and Strave. 
M. Peters, by means of a great number of observations made at Pulkowa, 
with a vertical circle constructed by Ertel, has determined the maximum 
value of aberration to be 20.481. M. Struve makes it 207.445 bya dis- 
cussion of observations made also at Pulkowa, with a transit fixed in the 
prime vertical}. + 


* Bradley's account of this brilliant discovery is contained in the volume of the Philoso- 
phical Transactions for 1729. It will be seen that his researches are wholly founded on 
observations of the dectinations of the stars. It does not appear that he attempted to 
verify his theory by means of right ascensions. At any rate he makes no especial allu- 
sion in his paper to the effect which the displacement would produce upon those co- 
ordinates, although the fact announced by him, that every star described an apparent 
ellipse necessarily implied variations in right ascension, corresponding to those in decli- 
nation. It is evident that he deemed observations of right ascension not to be sufficiently 
trustworthy for so delicate an investigation. In 1730 Manfredi asserted that_his obser- 
vations, although subject to occasional irregularities, exhibited a motion in right ascen- 
sion, analagous to that which Bradley had detected in declination, (Comm. Acad. 
Bonon, vol. i, p. 634.) 

+ Phil. Trans. 1748, p. 23. 

} Struve’s Etudes d’Astronomie Stcllaire, p. 96. In the same work it is stated 
that M. Peters obtained 20’ .676 for the maximum value of aberration with a probable 
error of 1.11, by a discussion of certain observations of Flamstead’s which are contained 
in a letter from that astronomer to Wallis, published in the third volume of the Opera * 
Mathematica of the latter. Flamstead was under the impression that the variations of 
the star observed by him ( Polaris) were occasioned by parallax. 
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When Bradley was engaged in investigating the phenomenon of aberra- 
tion, he found that in the case of some stars near the eqninoctial colure, 
the change of declination was greater than that which would have resulted 
from a mean annual precession of 50”. Similar observations of stars 
near the solstitial colure, indicated an effect of a contrary nature, the change 
of declination being less than the quantity due to the same value of pre- 
cession. It was manifest, from this circumstance, that the phenomenon 
could not be attributed to an error in the motion of the equinoctial points. 
Bradley made repeated observations with the view of discovering its real 
nature from the year 1727, when his instrument was first erected at 
Wansted, until 1782, the year of his removal to Oxford. During this 
interval of time some of the stars near the solstitial colure had changed 
their declination 9” or 10” fess than the quantity due to a precession 
of 50”; while others uear the equinoctial colure had exhibited an equal 
change of deélination in the opposite direction. The north pole of the 
equator appeared to have approached the stars which came to the meridian 
with the sun about the vernal equinox and the winter solstice, and to 
have receded from those which came to the meridian with the san about 
the autumnal equinox and the summer solstice. 

After pondering for some time on the phenomenon, Bradley began to 
suspect that it might arise from the variable action of the moon on the 
matter accumulated round the terrestrial equator. On account of the 
motion of the moon's nodes, the inclination of the lunar orbit to the earth’s 
equator is in a state of perpetual change, whence it might readily be in- 
ferred that the efficacy of the moon to disturb the earth would be subject 
to a corresponding variation. During a revolution of the moon’s nodes the 
inclination of the lunar orbit passes through all its values, increasing during 
the half of this period to the extent of 10°, and then returning during the 
other half to its original state. It therefore occurred to Bradley that the 
motion of the equinoctial points, which partly depends upon the disturbing 
action of the moon, would be subject to an oscillatory movement of sensible 
magnitude, the period of which would coincide with the time of a complete 
revolution of the moon’s nodes. Upon comparing the observations of stars 
near the solstitial colure that were almost opposite in right ascension, he 
found that the change of declination, though opposite in direction, was 
equal in quantity; for while ~ Draconis had advanced northward, the 
small star 35 Camelopardali appeared to have moved as far towards the 
south. A nutation of the earth’s axis was, therefore, in this case, capable 
of explaining the phenomenon, although it was found to be inadequate to 
that end, when the question referred to aberration. The same conclusion 
followed from a comparison of observations of other stars that, taken two 
and two, were nearly opposite in right ascension. 

In 1727, when Bradley commenced his observations, the moon’s ascend- 
ing node was in Aries, and the inclination of the lunar orbit was at its 
maximum. In 1736 the lunar node was in the beginning of Libra, 
having completed half a revolution in virtue of its retrograde motion, 
and the inclination of the orbit had consequently now descended to its 
minimum. During the intermediate period the change in the declina~ 
tion of stars near the solstitial colure, was less by 18” than that which 
would have resulted from an annual precession of 50”; for y Draconis, 


which ought to have advanced about 8” farther towards the south, was ob- 
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quantity greatly exceeded the rate of diminution which had hitherto been 
deduced from the observations of astronomers, Bradley was induced to 
ascribe the phenomenon to an oscillation of the earth’s axis, occasioned by 
the disturbing action of the moon upon the terrestrial equator. Being 
unable, however, by means of observations, extending only over a period 
of nine years, to judge whether the axis would recover its former position, 
he found it necessary to continue his observations throughout a whole 
revolution of the moon’s nodes. In the year 1745, when the moon’s 
ascending node had again arrived in Aries, he had the satisfaction to find 
that the stars returned to the same position which they would have 
occupied, if the inclination of the terrestrial axis had been the same as it 
was in 1727. ‘This circumstance appeared to him an indubitable indica- 
tion that he had detected the true cause of the phenomenon. 

Machin, to whom Bradley communicated an account of his discovery, 
devised a geometrical theory of the phenomenon, by the aid of which he 
computed a table of its numerical values. He supposed that while the 
mean pole of the equator described a circle round the pole of the ecliptic, 
at the rate of 50” ina year, occasioning thereby the uniform motion of 
precession, the apparent pole of the equator described round the mean 
pole, a small circle whose radius was equal to 9”, being in that part of the 
circle which is furthest from the pole of the ecliptic when the moon's 
ascending node was in the beginning of Aries, and in the opposite point 
when the same node was in Libra. 

Bradley proceeded to establish a strict verification of his hypothesis, by 
comparing it with great number of his observations. The result of 
this comparison afforded a complete confirmation of his views. Having 
computed the mean declination of Draconis from 800 distinet obser- 
vations, by applying to each observation the appropriate corrections of 
precession, aberration, and nutation, he obtained a series of results which 
presented x remarkable agreement with each other. . Eleven only were 
foand to differ so much as 2” from the mean of the whole, while not 
one differed so much as 8” from it. The result was equally satisfactory 
in the case of several other stars, which he employed in testing his hypo- 
thesis *. 

Tt has been stated that Bradley fixed the coefficient of nutation at 9”. 
The researches of subsequent enquirers seem to indicate that the true 
value exceeds this quantity by a few tenths of a second. Maskelyne made 
it 97.55. Laplace, by the aid of theory, deduced 9.40 as its most pro~ 
bable value. Lindenau, by a discussion of a vast number of observations, 
extending from 1750 to 1815, and consequeutly including three complete 
revolutions of the moon's nodes, obtained 8”.989 for the coefficient of 
nutation, This result is now generally supposed by astronomers to fall 
below the true value. Dr. Brinkley, by comparing 1618 observations of 
different stars, made it 9.25. Henderson, from the value of the moon's 
mass, indicated by his researches on the lunar equatorial parallax. deter- 
mined the coefficient of nutation to be 9”.28. Dr. Robinson, frora up- 
wards of 6000 observations with the mural circle, made by Pond at 
Greenwich, between the years 1812 and 1885, deduced 9.23913 as its 
mos#probable value. . Various similar evaluations have been effected by 
modern astronomers. Baily, by a careful comparison of all the results, 
¢ame to the conclusion that the most probable value of the coefficient is 
97.25. 





* See the original Memoir of Bradley (Phil. Trans., 1748, p. 1 et seq-). 
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In order to render observations of the planets available as elements of . 
theoretical research, it is necessary to reduce them from the place of ob- 
servation to the sun, the physical centre of the planetary system. Two 
steps are requisite for this purpose. The first consists in reducing the 
apparent position of the planet from the place of observation te the centre 
of the earth. To this end it is indispensable to obtain a knowledge of 
the diurnal or geocentric parallax, in other words, the apparent displace- 
ment occasioned by viewing the body from a point on the surface of the 
earth instead of its centre, The second step in the reduction of a planetary 
observation, consists in transferring the position from the centre of the 
earth to the centre of the sun. This object is effected by means of the 
annual or heliocentric parallax. When once the absolute magnitude of the 
terrestrial orbit has been determined by means of the solar parallax, the 
heliocentric parallax of any planet, is readily ascertained by the aid of 
Kepler's third law. The reduction of a planetary observation is thus 
ultimately made to depend upon the evaluation of the solar parallax. The 
progress of researches on this important subject has already been briefly 
alluded to in one of the preceding chapters. 

After the astronomer has succeeded in tracing the laws of the various 
principles which exercise an influence on the apparent positions of the 
celestial bodies, and has determined thcir maximum effects with all 
desirable precision, there still remains the laborious task of computing the 
displacement occasioned by them corresponding to any assigned instant. 
Various expedients have been devised with a view to abbreviate the 
toilsome calculations attendant upon this operation. In the Connaissance 
des Temps for 1760, there appeared tables having for their object, to faci- 
litate the computation of aberration and nutation for a few of the principal 
stars, Similar tables continued to be published in the volumes for the 
subsequent years, the numbers of stars to which they were adapted, gradu- 
ally increasing, until at length it amounted to 510 in the volume for 1806. 
In the same year tables designed to facilitate the calculation of aberration 
and *hutation were published by Cagnoli and De Zach, Cagnoli’s tables 
appeared in the form of an appendix to a catalogue of 501 stars which he 
published at the same time *. They were applicable only to the stars con- 
tained in the catalogue. De Zach's tables were attached to a catalogue of 
1880 zodiacal stars ; but their application was confined to 494 of the prin- 
cipal stars in the catalogue+. In 1812, the last-mentioned astronomer 
gave an important extension to his previous labours by the publica. 
tion of tables of aberration and nutation, adapted to a catalogue of 1440 
stars{, A defect of these tables consisted in the omission of the solar 
nutation, an element of displacement which, although of inconsiderable im- 
portance compared with the other corrections, is capable of exercising a 
very sensible influence on the delicate investigations of sidereal astronomy. 

It cannot fail to excite surprise that, until a very recent period, no 
general methods were devised by astronomers, having for their object 
to facilitate the reduction of observations, by combining together in one 
homogeneous system of calculation, as far as was practicable, the separate 
processes for determining the various inequalities which affect the ap- 
parent positions of the celestial bodies. With respect to refraction, its 


* Catalogue de 501 étoiles, suivi des Tables relatives-d’Aberration et de Nutation; 
Mod., 1807. 
+ Tabulm Sneciales Aberrationis et Nufationis. &e.: 2 tom. Svo.. Gotha. 1807. 
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magnitude in any particular instance depends upon the altitude of the 
object above the horizon, and the state of the barometer and thermometer 
at the time of observation. It is obvious, therefore, that it cannot be 
conveniently combined in calculation with precession, aberration, or nuta- 
tion, the respective values of which depend on the position of the object 
in the celestial sphere and on the time of observation. An objection of 
a similar nature occurs, when the question relates to the combination 
of the geocentric parallax with any other correction. 

On the other hand, the inequalities of precession, aberration, and nuta- 
tion, offer obvious facilities for the invention of a method which may em- 
brace them all in one uniform process of calculation. For a long time, 
however, 10 vigorous effort appears to have been made with a view to the 
attainment of this desirable end. Astronomers continued to calculate the 
three inequalities by separate processes, notwithstanding the analogy they 
bore to each other when considered merely in reference to the determina- 
tion of their numerical values. ‘The reduction of any single observation, 
could, therefore, be effected ouly by executing a variety of distinct pro- 
cesses of calculation ; and it was doubtless owing to the labour necessarily 
demanded by such an operation, that vast masses of observations came to 
be accumulated without being reduced at all. 

About the year 1820 the subject began to attract serious attention, and 
methods designed to facilitate the reduction of observations upon the prin- 
ciple of combination above referred to, were suggested by various astrono- 
mers, both in this country and on the Continent. Bessel at length pro- 
posed a method which, on account of its superior advantages, has supplanted 
all the others. The complete correction of a star's place (in so far as pre- 
cession, aberration, and nutation are concerned ), whether in right ascension 
or in declination, is by this method expressed in terms of four products, each 
product being composed of two factors, one of which depends on the place 
of the star in the celestial sphere, and the other on the time of observation. 
The factors which depend on the time of observation are the same both 
for right ascension and declination, but those depending on the place @f the 
star are different. ence the reduction of an observation, at least as far 
as relates to the three corrections above-mentioned, demands the com- 
patation of twelve constants, eight of which depend on the place of the 
star, and four on the time of observation. Now, when the mean place of a 
star is once determined, the constants of the first-mentioned group may be 
computed by an easy process, and it is manifest that when this is once ac- 
complished, the results will serve equally well for all observations of the 
star. On the other hand the four constants which depend on the time of 
observation, will vary for every day of the ycar, and will even be differeut 
on the same day of cach successive year. Hence these constants, unlike 
the former, will require to be calculated for each day of observation. 
They possess this peculiar advantage, however, that when once cal- 
culated for any day of the year, they will apply equally well to any star in 
the heavens on that day. 

The facility with which this method adapts itself to the computation of the 
apparent places of the stars by the aid of a catalogue of their mean places is 
very obvious. The eight constants depending on the place of each star, may -- 
be calculated once for all, und inserted in the catalogue. The four constants 
depending on the time of observation, cannot, of course, be included absolutely 
in any catalogue; but their successive values may be calculated for a definite 
peroid of time, so as to be applicable to any day of observation comprehended 
within that period. These objects being accomplished, the determination 
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of the complete correction of any star in the catalogue for any day of the 
year, and the consequent ascertainment of its apparent place on the same 
day, is an operation which may be performed in two or three minutes. 
The advantage which the theoretical astronomer must possess, in being 
thus relieved at the outset of his researches from a vast amount of 
tedious calculation, istoo obvious to require further notice. The valyes 
of the four constants depending on the time of observation, are caleu- 
lated for each day of the year, and are published annually in the Nau- 
tical Almanac*. Mr, Airy has recently proposed a modification of 
Bessel’s method, designed to obviate certain inconveniences which in 
some respects attend its practical application +. 

The Uranographical principles, to which allusion has already been made 
in this chapter, exercise a direct influence on the apparent positions of the 
celestial bodies, and therefore an accurate knowledge of the effects pro- 
duced by them is indispensable in all those questions which concern the 
relations of space and time. Moreover, the principle of refraction, by 
affecting the aspect of phenomena, demands attention in various researches 
relating to celestial physics. 

But the principles of Diffraction and Irradiation are also known to ex- 
ercise an influence similar to that ascribed to refraction in the latter 
instance. These, indeed, by occasioning an alteration in the apparent 
magnitudes of the celestial bodies might be supposed in some cases ulti- 
mately to affect their apparent positions. Their influence in this respect, 
however, has been hitherto found to be inappreciable. On the other hand 
it cannot be doubted, that they sensibly affect the aspect of eclipses both 
of the sun and oon, as well as transits, occultations, and varions other 
phenomena. A brief historical account of researches on these principles, 
considered only in so far as their influence on astronomical science is con- 
cerned, may, perhaps, not be out of place on the present occasion. 

The discovery of the Diffraction of Light is due to Grimaldi, an Italian 
philosopher of the seventeenth century t. Having admitted a beam of light 
through a very small aperture into a dark room, he found that the 
shadows of bodies placed in the cone of light thus formed, when received 
upon a screen, were larger than they would have been if the rays of light 
had passed by the edges of the bodies in right lines. He perceived algo 
around the shadows three fringes of coloured light. The fringe nearest 
the shadow in each case was the broadest; the one most distant from 
it was the narrowest and faintest of the three. Grimaldi concluded from 
these facts that light was, deflected when it passed by the edges of bodies. 
He first gave an account of‘ his experiments in a work published at 
Bologna, in the year 1665 §. 

The phenomena of diffraction did not escape the attention of Newton. 
In the third book of his Optics he gives some account of his researches on 
the subject. He mentions, however, that he was interrupted in the midst 
of his experiments, and that at no subsequent period could he find leisure 
to resume them. This part of the researches of the illustrious philo- 
sopher must therefore be considered as left in an unfinished state. 

Newton repéated Grimaldi’s experiment, by admitting a beam of light 


* These are the constants denominated a, B, c, D, the numerical values of which are in- 
serted in succession at page xx. of each month, in the first part of the Ephemeris. 

+ Mem. Ast. Soc., vol. xvi., p, 256, et se 

4 This property of light is also sometimes distinguished by the term “ Inflexion,” 

§ Physico Mathesis de Lumine. Bonon, 1665, ® 
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into a dark room, through a small hole about the 42nd part of an inch in 
diameter, and he found, like that philosopher, that slender bodies, placed 
in the cone of light, threw upon a screen, shadows of much larger dimen- 
sions than they ought to have done if light had passed in right lines. A 
hunian hair, equal in breadth to the 280th of an inch, placed at a distanco 
of, 12 feet from the hole, threw a shadow upon a screen 4 inches beyond 
it, which was equal to the 60th part of an inch in breadth *, and conse- 
quently was more than four times broader than the hair itself. Newton 
established, by a variety of experiments, that the phenomena of diffraction 
were absolutely independent, both of the nature of the substance which 
threw the shadow, and of the form of its edge. They appeared to him, 
therefore, to depend upon some principle quite distinct from refraction. 
He made some interesting experiments on the fringes which surround the 
shadows of diffracting bodies, and concluded his labours on the subject 
with certain queries suggestive of the nature of diffraction. 

The phenomena of the diffractive fringes have engaged the attention of 
many eminent philosophers of the present century, but an account of their 
labours does not come within tho province of this work. The principle of 
diffraction has been supposed in various ways to affect the aspect of celes- 
tial phenomena; but the case in which its influence has been most com- 

' pletely established, is that wherein the object-glass of the telescope con- 
stitutes the diffracting body. The disks and rings exhibited by the fixed 
stars, when viewed in telescopes of high power, have been fully accounted 
for in this manner, by adopting as the basis of enquiry, the principles of the 
undulatory theory of light. In the next chapter we shall have occasion 
to mention several phenomena which philosophers have endeavoured to 
explain by the diffraction of light. 

A principle which is supposed to exercise a more varied and extensive 
influence on celestial phenomena than the diffraction of light, is that 
which has been distinguished by the term “ Irradiation.” In virtue of 
ita ip baviee a luminous object projected upon a dark ground is dilated 
in all directions, so as to appear somewhat enlarged in dimensions. A 
striking example of the effoct of irradiation is afforded by the appearance 
of the moon when only a few days old, In this case the luminous crescent 
is seen to form part of a much larger circle than the remaining portion of 
the disk, the outline of which is rendered distinetly visible by means of the 
lumiére cendrée, or reflected light of the earth. As might be expected, a 
phenomenon the converse of this is exhibited, when an opaque body is seen 
projected upon a luminous surface. The object then appears to be con- 
tracted in dimensions, from the light encroaching upon it on all sides. 

Some of the phenomena of irradiation are so palpable to observation, 
that they could not fail to have attracted notice at a very early age. It 
appears, however, that Kepler was the first who pointed out the conse- 
quence generally arising from the operation of this principle. His re- 
marks on the subject are contained in his “ Supplement to Vitellion,” a 
treatise on Optical Science which he published in the year 1604}. After 
citing the case of the new moon as above referred to, he remarked that _ 
the aspect presented by the lunar eclipse of May 25, 1603, afforded a 
similar illustration of the effect produced by irradiation. Again, it was 
found that during eclipses of the sun, the deficient segment of the solar 


* Optics, p. 114 (4to., Lond., 1704). 
+ Ad Vitellionem Paralipomena quibus Astronomie pars optica tradifur, 4te., Franc., 
1604 
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disk always appeared too small, in consequence of the light of the visible 
segment dilating in all directions and encroaching on the dark limb of the 
moon. As a simple mode of exhibiting the influence of irradiation, he 
remarked that if a ruler be held before the eye so as to intercept the light 
of the moon, it will appear narrower at the part where it is projected upon 
the lunar disk. 

We owe also to Kepler an explanation of the physical cause of irradia- 
tion. He supposed that the rays of light from remote objects converged 
before reaching the retina, and then proceeded in a divergent course, so 
that each pencil of rays depicted upon the optic membrane a small sur- 
foce instead of a point. It followed as an obvious consequence of this 
theory, that the object would appear somewhat enlarged. Kepler, how- 
ever, was of opinion that unless the retina was very sensitive, no impres- 
sion was produced upon it beyond the central point of the small area 
corresponding to each pencil of rays. Hence, according to this view of the 
subject, the phenomena of irradiation would be visible only to # particular 
class of individuals *, 

The foregoing explanation is exceedingly plausible, but a slight examina- 
tion will suffice to show that it is inconsistent with the results of observation, 
Jn the first place, it is not true that the rays of light emanating from remote 
objects, converge before reaching the retina. ‘I'he eye in fact possesses a 
power of adaptation which enables it to bring the rays to a focus upon the 
optic membrane, however great may be the distance at which the object is 
placed. Secondly, it is to be remarked that even if this assumption was 
well founded, the hypothesis would still be inadequate to explain the phe- 
nomena of irradiation, since the latter do not fail to present themselves to 
observation at the distance of distinct vision. Lastly, the phenomena of 
irradiation are generally visible to all persons, although they exhibit 
themselves with greater intensity to some persons than they do to others. 

The irradiation o® luminous bodies was a subject which attracted the 
attention of Galileo on many occasions in the course of his physical inves- 
tigations, and a fariety of interesting remarks upon it are to be found in- 
terspersed throughout his writings. In the ‘ Sidereus Nuncius” he 
asserts that the fixed stars, when viewed with the telescope, are not en- 
larged in the proportion of the magnifying power. 1n explanation of this 
fact he remarks, that the telescope has the effect of stripping the sta of 
the false light by which it is usually surrounded when viewed with the 
naked eye. This spurious corona is ascribed by him to the influence of 
irradiation. It generally increases with the brightness of the field upon 
which the luminous object is projected. Thus at sunset, when the ob- 
scurity of the heavens is tempered by the influence of the twilight, the 
stars, even of the first magnitude, appear excessively minute. So with 
respect to Venus, notwithstanding the splendour with which she usually 
shines, she does not exceed a star of the sixth magnitude on those occa- 
sions when she happens to be visible at noon f. 

Galileo next alludes to irradiation in one of his letters to Welser on the 
solar spots. Scheiner had remarked that Venus would appear as large on 
the sun's disk, as she does when she is near her superior conjunction. 
Galileo, however, denied the truth of this statement. He asserted, in the 
first place, that the irradiation of the planet usually causes her to appear 
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much larger than she really is. In confirmation of this fact he remarked 
that even when the planet assumes the form of a very slender crescent, she 
appears round like any other star, her true figure being masked by the 
effulgence of her irradiation. On the other hand, when she appears pro- 
jected on the luminous surface of the sun, she ought to exhibit a corre- 
sponding diminution of magnitude, from the irradiation of the solar light 
encroaching everywhere upon her disk. Upon these grounds he con~ 
tended that the planet ought to appear considerably less on the solar disk 
than she does in any other position *. 

In his “ Discourse upon Comets,” he finds occasion to refer to the irra- 
diation of light in refuting an argument used by his opponents, which was 
based wpon an absurd opinion respecting the theory of the telescope t. It 
was contended that comets are very remote bodies, because when viewed 
in the telescope they did not exhibit any sensible enlargement. This 
fallacy was suggested by the analogy of the fixed stars, for as these bodies 
did not appear sensibly enlarged in the telescope, and at the same time were 
well known to be very remote, so it was hastily concluded that the small 
effect produced upon’ their appearance in the telescope was due to their 
great distance. Galileo demonstrated by an appeal to experiment, and by 
reasoning of invincible force, that the element of distance did not exercise 
the slightest influence on the enlargement of an object seen through 
the telescope}. The fact that some bodies were enlarged in a greater 
degree than others, was ascribed by him to the irradiation of light. The 
telescope in most cases deprives the body of the false light arising from 
this cause, so that although it does not fail to enlarge the real angular 
dimensions of the body in the proportion of the magnifying power, the 
spurious diminution may so far neutralise the actual enlargement, that the 
appearance presented by the body in the telescope, may not differ sensibly 
from that which it exhibits to the naked eye. It is to be remarked, how 
ever, that the irradiation exhibited by an object to tlm naked eye, depends 
upon the darkness of the ground upon which it appears projected ; while on 
the other hand, since it is the object itself freed from iMadiation that we 
perceive in the telescope, its aspect will not be affected in this case by the 
ground of projection. Tience the apparent magnitude of a star will vary to 
the naked eye with the obscurity of the heavens, while in the telescope it will 
not undergo any change. As an illustration of the truth of this remark, 
Galileo cites the case of Sirius, the brightest star in the heavens. A few 


* Opere di Gal., tom. ii., p. 129; Istoria e Dimostrazioni intorno alle Macchie So- 
lari, p. 110. 

+ Discorso delle Comete di Mario Guiducci, Firenze, 1619. This dissertation upon 
comets, although professedly written hy Guiducci, was well known at the time of its pub- 
lication, to have procecded from the pen of Galileo, and it has always been included in 
the successive editions of the complete works of the illustrious philésopher. 

¢ The following passage referring to this principle, may serve to illustrate Galileo’s 
mode of exposing the fallacies of his opponents : —“ Place an opaque disk at a certain 
distance, and directly behind it, but four or six times farther off, place a white disk of so 
much greater dimensions than the other, as just to allow its circumference to be seen 
like a white ring. Now, if the telescope be directed to the two disks, it ought to follow, 
if the more remote disk be magnified in a less proportion than the nearer one, that the 
former will be altogether covered by the latter, and the ring will totally disappear. Hence, 
by applying the same reasoning to eclipses of the sun, it might happen that an eclipse 
which would appear partial to the naked eye, would become total by viewing it through 
the telescope ; so that while with the optical instrument we found ourselves plunged in the 
darkness of night, we should be enjoying the brightness of daylight with the unassisted 
eye!”"—Opere di Gal., tom. ii., p. 221; Discorso delle Comete, p. 26. 
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hours before sunrise it does not appear much larger in the telescope than 
when viewed with the naked eye. As the approaching sun, however, 
begins to chase away the darkness of night, the star appears less and less - 
to the naked eye, until at length, when the sun is about to ascend above 
the horizon, it dwindles to a mere point of light, and then disappears. 
On the other hand, during all this time the star constantly exhibits the 
same magnitude in the telescope *. 

Galileo makes some interesting remarks on irradiation in his letter to 
Grienberger, on the subject of the lunar mountains}. It had been asserted 
that, as the full muon always presented a well-defined outline, whether 
when viewed with the naked eye or through a telescope, it was impossible 
that there could exist any inequalities around her circumference. Galileo, 
however, maintained that the irradiation of the moon's light, by obliterat- 
ing any asperities around her edge, might effectually conceal the real 
nature of that part of her surface. With respect to irradiation generally, 
he remarked that it inereases with the brightness of the object. It is 
from this cause that the planets near the sun have a greater irradiation 
than those that are more remote. So intense is the irradiation of Mer- 
cury, that it is impossible, even with the most powerful telescope, to de~ 

rive him of his brilliant corona. The same is true, though in a less 

egree, with respect to Mars. On the other hand, Jupiter, and especially 
Saturn, being more feebly illuminated by the solar light, lose their irradi- 
ation in, the telescope, and disclose their true figures. With respect to 
Venus, when she is near her inferior conjunction, she resembles the new 
moon, but such is the intensity of hér irradiation, that she appears to the 
naked eye, like any other star. In this position, however, as the extent of 
the illuminated surface is small, and the light is at the same time enfeebled 
by the obliquity of the surface, it is possible, by means of a telescope, to 
discern the real appearance of the planet. When, however, she is near 
her superior conjunction, she presents a complete hemisphere of vivid 
light towards the earth, of such intensity, that even the most perfect 
telescope does net suffice to destroy her irradiation, and reveal to us her 
true figure. 

Galileo, therefore, contends that since the effect of irradiation is so 
great, as to conceal from the unaided eye the immense cavity of Venus 
when she assumes the form of a crescent, it is much more probable that 
even the telescope will fail so completely to efface the irradiation of the 
moon, as to disclose the small eminences and cavities which may*be situate 
near the edge of her disk, With the view of illustrating the fact that the 
irradiation of objects whose apparent magnitude is small, may produce so 
strong an effect as totally to obliterate any asperitics of outline, he de- 
scribes the following experiment :—Take a thin plate of metal in which are 
inserted two chinks, the one with smooth and the other with rugged edges. 
Let the piece of metal be illuminated behind by a brilliant light, and let 
the observer place himself in front, the only light accessible to him being 
that which is transmitted through the chinks. If he view the piece of 
metal at only a short distance, the asperities of the rugged chink will be 
easily perceptible to the naked eye. If he remove to a distance of a 
hundred or a hundred and fifty paces, the asperities cease to be visible to 
the naked eye, but they may still be discovered by the aid of the telescope. 
Finally, if he view the piece of metal at a distance of about a mile, the 
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asperities of the rugged chink will no longer be discernible even with a 
telescope, so that the edges of both chinks will assume the same smooth- 
ness of outline. . 

Galileo remarked on frequent occasions, that irradiation produced a 
more sensible effect according as the apparent magnitude of the object 
was less*. This, indeed, is manifest to any person, when it is considered 
that the false light arising from irradiation, being the same whatever be 
the magnitude of the object, cannot fail to affect small objects in a greater 
degree than large ones. It was upon this grdund he explained the fact 
that while the aspect of the stars varied with the obscurity of the heavens, 
the moon continued to retain tlie same apparent magnitude, whether seen 
in the brightness of noon or in the darkness of midnight. 

With respect to the cause of irradiation, Galileo imagined it to reside 
in the eye, but he does not seem to have entertained a very decided 
opinion with respect to its mode of operation. In his “ Discourse upon 
Comets ” he conceived the irradiation of }uminous objects to arise from 
the refraction of the rays of light by the humours diffused over the eye +. 
In his Dissertation, entitled “ 1] Saggiatore,” he enters more fully into the 
same question, It had been supposed by some persons, that irradiation 
was occasioned by objects illuminating the surrounding air, so that the 
corone of light thus formed were confounded with the objects themselves. 
Galileo admits that when the sun or moon are near the horizon, they 
illuminate the vapours through which they are seen; but he denies that 
the illumination is so intense as to.render the vapours liable to be con~ 
founded with the actual disks of eithér of those bodies. He then remarks, 
that the refraction of the moisture diffused over the eyes, causes & 
luminous appearance to surround the object, but being very feeble, com- 
pared with the original light, it does not affect the apparent magnitude. 
It will be seen that he here disavows the opinion previously enter- 
tained by him, to the effect that irradiation proceeded wholly from refrac- 
tion. He now considers the irradiation of luminous objects to arise from the 
rays of light being reflected by the extremities of the eyelids, and then 
being dispersed over the pupils}. He reproduces this opinion in his 
famous “ Dialogues on the System of the World,”§ but in a subsequent 
part of the same work he ascribes the phenomena of irradiation to either 
of the two causes he had already assigned, or to some other unknown 
cause residing in the eye’). 

The irradiation of luminous objects being, according to Galileo, attribut- 
able to some ocular cause, it was clear that phenomena of this nature 
could not be affected by the magnifying power of the telescope. He ex- 
plained by this principle the fact that the irradiation generally disappeared 
when the object was viewed through a telescope, the spurious light being 
masked by the enlargement of the apparent dimensions of the object. 

The sagacity with which Galileo discusses the subject of irradiation, 
cannot be sufficiently admired. The Jeast satisfactory part of his specula- 
tions is that relating to the physical cause of the phenomenon. It must 
be acknowledged that his views on this point are very obscure and vague. 
The reader cannot fail to remark that, he concurs with Kepler in placing 
the gource of irradiation in the eye, 


* Opere di Gal., tom. ii., p. 350; Ibid., tom. iv., p. 242, 

+ Ibid., tom. p. 223; Discorso delle Comete, p. 32. 

} Ibid., tom. ii, p. 348; I Saggiatore, p. 212. 

§ Ibid., tom, iv., p. 69. I] Tbid., tom, iv., p, 242. 
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Gessendi is the next person who occupied his attention with the subject 
of the irradiation of light. This philosopher entertained very erroneous 
views respecting the physical cause of irradiation, but he made some inte- 
resting experiments for the purpose of ascertaining the laws by which it 
is regulated. In order to ascertain the effect produced upon the enlarge- 
ment, according as the field upon which the luminous object appeared be- 
came brighter, he measured the successive magnitudes of the moon's ap- 
parent diameter, as visible to the naked eye, from midnight till noon, and 
obtained the following resélts. At midnight the apparent diameter was 
found to be 88’; at dawn it was 36%’; in clear daylight, 343’; after 
the sun arose, but before he had emerged above the vapours of the 
horizon, 342’; at mid-day, when the sun shone with all his splendour, 
83" *, 

Descartes, in his Dioptrics, published at Leyden in 1637, at length gave 
the explanation of irradiation which is now generally received. He sup- 
posed that the extremities of the fibres of the optic nerve, though small, 
have some magnitude, and that in consequence, the impression produced 
by each pencil of rays which converged upon the retina, had a tendency 
to propagate itself to a certain distance on all sides, although it would be 
strongest at the point where the rays converged. When the light of the 
object was feeble, the impression might practically be supposed to be con- 
fined to the central point; but in the case of very bright objects, the im- 
pact of the rays might be so intense as to make the lateral impression 
very sensible. It followed as an obvious consequence of this mode of 
viewing the subject, that all luminous bodies would appear somewhat 
enlarged beyond their true apparent dimensions. 

Newton, having discovered the unequal refrangibility of light, did not 
fail to perceive that the aberration arising from this cause alone, would 
have the effect of vitiating all observations of the apparent magnitudes 
of bodies, as seen through telescopes. In fact the rays of different colours 
belonging to each pencil of light, instead of converging to a point by the 
refraction of the object-glass of the telescope, were so dispersed as to 
assume the appearance of a small coloured circle at the focus, and hence 
obviously would arise an enlargement of the image beyond its true magni- 
tude. Newton remarked that the enlargement arising from the unequal 
refrangibility of light would be less according as the focal length of the 
telescope was increased. In the Principia, he states that the apparent 
diameter of Jupiter, at his mean distance from the earth, was found by the 
aid of Huyghens’ telescope of 123 feet focal length to be 80”; while, on the 
other hand, its value deduced from the times of the satellites crossing the 
planet's disk, amounted only to 373”. He, therefore, concluded that the 
chromatic aberration of the telescope was somewhere about 2”.+ Hence 
in reference to the apparent diameter of Saturn, which was found by 
means of the same telescope to be 18”, he remarks that “if all false 
light be rejected, the diameter of the planet will not remain greater 
than 16." 

It is remarkable that Newton makes no allusion to irradiation in the 
course of his enquiries relative to the true apparent diameters of the 
planets. It is difficult to say, whether his silence arose from an absolute 

* Opera Omnia, tom. ili., p. 895; Flor., 1727. 
+ Prin., lib. iii., Phenom. 1. | 
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disbelief in the existence of any enlargement arising from this cause, 
or from an impression that the enlargement, which generally appeared less 
in the telescope, was in the present instance totally inappreciable, in couse- 
quence of the immense focal length of the instrument by the aid of 
which the measurements were effected. But whatever may have been the 
opinion of Newton on this point, it is certain that after his discovery of 
the unequal refrangibility of light, the subject of irradiation ceased to as- 
sume the same degree of importance which induced Galileo so repeatedly 
to refer to it in the course of his researches; its effects being for a long ~ 
time confounded with those depending on the aberration of the telescope. 

The phenomena exhibited during the transits of Venus across the sun’s 
disk in the years 1761 and 1769, had the effect of again directing the 
attention of astronomers to the subject of irradiation. Lalande’ found by 
calculations based on the times which Venus‘tctually occupied in crossing 
the sun's disk during the transits of 17@i and 1769, that the apparent dia- 
meter of the sun, as assigned by the solar tables, was too great by 6” or 7” *. 
Du Séjour was conducted to the same result by his elaborate researches on 
the annular eclipse of 1764. He found that the observations of the eclipse 
could not be satisfied, except by supposing that the apparent diameter of 
the sun, as deduced from the solar tables, was too great by 9” or 6.6, ac- 
cording as the tables of Clairaut or those of Mayer were employed}. 
Lalande seems disposed to considér the enlargement of the solar diameter 
as due to the aberration of the telescope. Du Séjour applies the term 
irradiation to the enlargement, asserting, however, at the same time, that 
he does not mean. thereby to announce apy opinion respecting its physical 
origin. 

i 1782, while Sir William Herschel was engaged in a series of experi- 
ments for the purpose of determining the apparent diameter of the planet 
he had recently discovered, he noticed an interesting fact illustrative of 
the irradiation of light. The method he employed for measuring the 
planet's disk consisted in comparing its image as seen through a telescope 
with an artificial lucid disk, formed by making a circular aperture in paste- 
board, and covering it with transparent paper illuminated behind by a 
flame. The image of the planet was observed in the telescope with the 
right eye, while the lucid disk was viewed directly with the left, its-dis- 
tance being made to vary until it appeared exactly of the same size as - 
the image in the telescope. Hence, the linear diameter and distance 
of the artificial disk being known, it was easy to deduce its apparent 
diameter, and by combining this datum with the magnifying power of the 
instrument, the apparent diameter of the planct was also readily ascertained. 
In order to ensure an accurate comparison of the disks, Herschel pre- 
pared a series of circles, varying in diameter from 2 to 5 inches, and 
increasing successively by tenths of an inch. He remarked, that as the 
brightness of the image in the telescope varied with the altitude of the 
planet and the magnifying power of the instrament, so it was necessary, in 
these experiments, to alter in a corresponding degree the brightness of 
the lucid disk, for he found that the magnitude of its apparent diameter 
was very sensibly affected by this cause. In fact, having placed several 
of the artificial disks together and illuminated them at the same time, 
he found that a very small quantity of additional light was necessary, in 


* Mém, Acad. des Sciences, 1770, p. 403. + Ibid., 1775, p. 365. 
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order to cause one of the disks to differ in magnitude by one or even two 
tenths of an inch *. ‘ « 

Dr. Robinson, in a paper communicated to the Astronomical Society in 
1831, gives an interesting account of some experiments which he made 
for the purpose of ascertaining the amount of influence exercised by irra~ 
diation on the apparent diameters of the san and moon+. The method 
he employed consisted in observing lucid disks of different magnitudes, 
and measuring their apparent diameters when subjected to different 
degrees of illumination. A slip of brass with a small circular hole in it 
was placed in the focus of an object-glass, and the hole being illuminated 
by a lamp placed behind it, was then viewed through the object-glass by , 
means of a telescope directed to it. By this contrivance the image of the 
hole geen in the telescope was rendered similar to that which would have 
been formed by a remote object like the sun or moon, since the rays 
of light transmitted through the hole emerged in parallel directions 
from the object-glass. On looking through the telescope, the aperture 
assumed the appearance of a luminous disk about 17’ in diameter; but, on 
interposing a slip of oiled paper between it and the lamp, it assumed 
amuch duller appearance, resembling the aspect of the moon in a dense 
fog. In this state Dr. Robinson brought the wires of the micrometer so 
as to be tangents to the disk; and then, having caused the oiled paper to 
be removed, he instantly saw the opposite segments of the disk extend 
beyond the wires. Bringing the latter again into a tangential position 
with respect to the disk, he determined the apparent diameter anew, the 
excess of which over the previous measure manifestly gave him twice the 
breadth of the annular enlargement arising from the increased brightness 
of the disk. In this way he obtained a series of results, the mean of 
which indicated an irradiation amouiting to about 2”.6. He repeated the 
experiment with apertures of different apparent diameters, and obtained @ 
similar result in each case. Dr. Robinson was induced to conclude from 
his experiments that the main source of irradiation is in the eye; at the 
same time he admitted that the aberration of the telescope might in some 
degree contribute to the apparent enlargement of the object. The tele- 
scopes which he employed on this occasion did not appear to be affected 
by any sensible aberration, from the distinctness with which they ex- 
hibited very close double stars, so that the enlargement indicated by his 
experiments must be considered as referable almost wholly to irradiation. 

In one of his experiments it appeared to Dr. Robinson, that the bright- 
ness of the lucid disk was equal to that of the sun as seen in his transit. 
It might be expected, therefore, that the irradiation would be nearly the 
same in both cases. The experiment gave him 27.8 for the difference 
between the least and greatest apparent diameters of the disk. This 
result presents a satisfactory agreement with two values of the solar 
irradiation deduced from astronomical researches of a nf@re recent dite 
than those of Lalande and Du Séjour. By a discussion of the transits of 
Venus in the years 1711 and 1769, Encke obtained 2 value of the solar 
diameter which was less than that of the tables by 2”.95 t. Wurw, by 
a similar discussion of the annular eclipse of 1820, deduced a result indi- 
cating that the solar diameter of the tables was too great by 3/.32 §. 

In one of his experiments, Dr. Robinson illuminated the field of view 


* Phil. Trans., 1783, p. 1, et seq. + Mém. Ast. Soc., vol. v., p. 1, et seq. 
= Mém. Ast. Soc., vol. v., p. 7. § Ibid., p. 8 
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for the purpose of ascertaining whether any effect would be produced on 
the irradiatjon. When the disk was in its state of greatest illumination 
no change was perceptible; but on turning off tho light from the field of 
view, when the disk was obscured by the interposition of the oiled paper, a 
yaanifest enlargement was immediately apparent. The absence of any 
sensible enlargement in the first instance, arose doubtless from the cireum- 
stance of the brilliant light of the disk effectually overpowering the fainter 
light diffused over the field of view. 

‘As it appeared evident from these experiments that the irradiation of 
an object was seusibly influenced by the brightness of the ground on which 
the object was projected, Dr. Robinson imagined that its effect might be 
eliminated altogether from observations of the sun and moon by sufficiently 
illuminating the field of view of the telescope. To effect such an illu- 
mination, however, by an artificial process was absolutely impossible, when 
the question related to observations of the sun, nor was it even generally 
practicable in the case of the moon. Under these circumstances, Dr. 
Robinson hit upon the ingenious idea of illuminating the field of view by 
deriving the light from the luminary itself. In pursuance of this design 
he proposed to cover the object-glass of the telescope with a semi-trans- 
parent diaphragm, leaving a smail central aperture to admit the rays 
which formed the image at the focus, while the rest of the diaphragm served 
to fill the ficld with scattered light. This method was applied by Dr. Robin- 
gon to observations of the sun, and tbe results obtained by him in a few 
instances, appear to have been very satisfactory ; the value of the solar 
diameter determined by means of the transit instrament, exceeding only 
by a very small quantity, the value assigned by the tables. 

One curious fact noticed by Dr. Robinson, in the ‘course of his experi- 
meuts, is worthy of mention. Having examined the luminous disk with a 
double image micrometer, he was surprised to find that the contact of the 
two images was not affected by the intensity of their illumination. He 
expressed himself as somewhat doubtful of the result, the experiment 
having been hastily made. It would appear, however, to be supported by 
experiments of a similar nature made by other astronomers. M. Arago 
had previously attempted to ascertain the influence of irradiation by 
measuring with a rock crystal micrometer the apparent diameters 
of luminous disks, and then comparing them with the corresponding 
results obtained by combining the absolute diameters with’ the distance of - 
the disks from-the eye; but in all such experiments he feund that the 
jrradiation was inscnsible, even when the illumination of the disks was 
more intense than that of the full moon A similar result was obtained 
by M. Bessel when he sought by meaus of his great heliometer to deter- 
mine the influence of irradiation on the occasion of the transit of Mercury 
across the sun's disk in the year 1832. Since, in this case, the effect of 
jrradiation is to dilate the apparent diameter of the sun, and diminish that 
of the planet, it is not difficult to see that if such an effect really existed 
in any sensible degree, the ]nminous thread which succeeds the first in- 
terior contact of tle two bodics ought to acquire instantaneously a certain 
degree of breadth at the point of contact ; and similarly the luminous 
thread which precedes the second interior contact ought-to exhibit a sudden 
rupture at the point of contact as if some protuberance had all at once 
been formed on the planet. Bessel was unable to discern. the slightest 
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indication of either of these phenomena during the transit of the planet 
above referred to. But he obtained a still more unequivocal proof that 
the effect of irradiation was insensible. Since the first interior contact of 
the two bodies is indicated by the sudden closing together of the two 
extremities of the luminous border of the sun, while the second interior 
contact is made apparent by the equally sudden rupture of the opposite 
border, it is manifest that the interval of time included between the two 
contacts when taken in conjunction with the relative motion of the planet, 
as assigned by the tables, will serve to determine the apparent diameter 
of the sun. Now Bessel, by employing this méthod, arrived at a re- 
sult which coincided exactly with that obtained by direct measurement of 
the solar diameter with a micrometer during the transit of the planet. 

Thus it appears that the experiments of Bessel concur with those of M. 
Arago and Dr. Robinson in indicating that the effect of irradiation is in- 
sensible when the instrument employed in measuring it is one which gives 
a double image of the luminous body. We shall presently have occasion 
to mention that experiments of this nature have been supposed to furnish 
only particular illustrations of a general law affecting the irradiation of 
two luminous objects placed in juxtaposition. : 

In the year 1838 M. Plateau communicated to the Royal Academy of 
Brussels, an elaborate memoir, containing an account of a variety of ex- 

eriments performed by him with the view of elucidating the nature and 
ies of irradiation *. A very simple mode of exhibiting the enlargement 
arising from this cause was devised by him. A white card was divided 
into six rectangular compartments, by drawing two parallel lines pretty 
close to each other down the middle of the card, and then bisecting these 
by a third line, drawh at right angles to them. The middle rectangle in 
the upper half of the card, and the broad lateral rectangles in the lower half, 
were then painted black, so‘that there appeared in the middle of the card 
a band composed of two parts, the one black, (in the upper half of the 
eard,) projected upon a white ground, the other white, (in the lower half,) 
projected upon a black ground. This contrivance manifestly tended to 
render the effect of irradiation more perceptible; for while the white band 
in the lower half of the card was liabie to dilate from the encroachment of 
the light upon the black ground, the black band in the upper half was 
equally liable to contract from the encroaching irradiation of the white 
light on each side of it. The card being placed vertically near a window, 
so as te be well exposed to the light, was then viewed at the distance of 
a few yards, when the effect of irradiation was clearly exhibited by the 
white band in the middle of the lower half appearing sensibly broader 
than the black band above it. ‘he following are the more important 
conclusions 10 which M. Plateau was conducted by his experimental re- 
searches on the subject of irradiation. 3 

ic The quantity of irradiation increases with the brightness of the ob- 
ject, but in a much less rapid proportion. It has very nearly attained its 
maximum when the brightness is equal to that exhibited by the northern 
region of the sky. 

2° Two irradiations in close proximity tend to neutralize each other. The 
diminution arising from this cause is greater in each case, as the interval 
between the luminous objects is less. . 

3° The quantity of irradiation augments with the time of contemplating 
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the object. It is different for different individuals, and for the same 
individual it varies from one day to another. 

4° When an object is viewed through a telescope, the apparent enlarge- 
ment exhibited by it arises from two distinct causes, viz., ocular irradiation, 
and the aberration of the telescope. ‘The part due to ocular irradiation de- 
pends on the magnifying power of the telescope, on the brightness of the 
image, and on the physiological qualities.of the eye of the observer. More- 
over, the interposition of the eye-glass of the telescope tends to produce a 
peculiar effect on the enlargement. oe 

5° The part of the eflargement due to the aberration of the telescope 
varies necessarily with the instrument employed. For the same instru- 
ment, it may be considered as constant. 

The most remarkable of these propositions is that wherein ‘it is an- 
nounced that the irradiations of two luminous objects are diminished by 
their mutual proximity. M. Plateau extends this principle to the pheno- 
mena of irradiation seen with the naked eye as well as to those observed 
in the telescope. He rests its demonstration upon various experiments, 
some of which are of a very convincing nature, and do not seem to be liable 
to any objection. He refers to this principle the absence of any sensible irra- 
diation in the experiments of Arago, Robinson, and Bessel, above alluded 
to. Without expressing a formal opinion on its origin he seems disposed 
to consider it as due to the fact, that there does not exist in either case a 
sufficient contrast between the luminous object and the ground upon which 
it appears projected. M. Plateau concurs with most other philosophers 
in placing the source of irradiation in the eye, but he does not express any 
opinion respecting the mode by which the effect is produced. 

The most recent account of experimental researches on Irradiation, is 
contained in a paper communicated by Professor Powell to the Astronomi- 
cal Society, in the year 1849*. That distinguished philosopher appears 
disposed to regard the phenomena of irradiation as due, in a great degree, 
to some cause extranvous to the eye. While admitting that the irregular 
scintillation of a star may arise from some physiological affection of the 
organ of vision, and may vary in different individuals, he considers that 
the enlargement exhibited by a well-defined disk, capable of exact mea- 
surement, cannot reasonably he ascribed to a cause of so fluctuating a 
nature. He then proceeds to describe various experiments which tend to sup- 
port this assertion. Qne of the most unequivocal results derived from these 
experiments consisted in this, that an image of the object, formed in the focus 
of a lens, is affected by irradiation in an equal degree with the object itself. 
A card, similar to that employed by M. Plateau, being exposed to a mode- 
rately strong light, and its image being then thrown ‘by reflexion upon a 
ground glass placed in the focus of a lens, the image of the card was seen 
painted on the ground glass, with precisely the same enlargement as that 
which it exhibited to the naked eye. It might be urged against this ex- 
periment, that the brightness of the light at the focus of the lens might in 
its turn produce its irradiation, so as to occasion the apparent enlargement 
of the image. With reference to this objection Prof. Powell remarks, that 
the image on the ground glass was in general by far too faint to produce any 
such secondary effect. That the irradiation could not be due to this cause 
was proved further beyond all doubt by the fact, that when a dark glass 
was interposed between the eye and the image of the card in the focus, 
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the enlargement still continued to be equally perceptible. Prof. Powell, 
upon the grounds of such experiments, considers the conclusion to be un- 
avoidable, that the enlargement is occasioned by some optical cause acting 
upon the formation of the focal image, and independent of any organic 
affection of the eye. 

Parsuing this view of the origin of irradiation, he conceived that a strik~ 
ing verification of it would be obtained, if a photographic image of the ob- 
ject could be formed, exhibiting the enlargement. An experiment which he 
made with a view to decide this point, was attended with complete success. 
The image of the card when formed by a photographic process, either in 
the light of the bright sky or in the full sun, was found to exhibit a mani- 
fest enlargement. 

Irradiation may be greatly diminished, or even completely destroyed, 
by the interposition of a lens between the object and the eye. Prof. 
Powell found that with ordinary daylight a lens which maguified three or 
four times was sufficient to extinguish every trace of the phenomenon, 
He states, as the result of his experience generally, that magnifying powers 
varying from ten to twenty effectually destroy the irradiation’ occasioned 
by the brightest light which the eye can bear. 

M. Plateau experienced great difficulty in reconciling the effect produced 
by the interposition of a lens with the theory of irradiation, which as- 
cribes its origin to some ocular cause. Prof. Powell is of opinion that it 
maay be accounted for by the diffusion of light, resulting from the ap- 
plication of the lens, rendering the enlargement too faint to be percep- 
tible. Upon the same principle he explains the absence of irradiation in 
experiments made with a double image micrometer. In this case, each of 
the images possesses only hulf the original brightness, and being at the 
same time viewed with a high magnifying power, the effect of irradiation 
might, by the combined operation of both these causes, be rendered in- 
sensible. 

In observations with the telescope it has been found, that the yegular 
enlargement occasioned by irradiation is mainly dependent on the aperture, 
focal length, and magnifying power of the instrument. With respect to 
the new moon, Prof. Powell remarks, that when viewed with a 30-inch 
achromatic, and very low powers, the projection of the illuminated crescent 
beyond the dark part of the disk was distinctly seen; with a power of 50 it 
was barely visible ; and with 80 not at all, The following passage of a letter 
from Prof. C. Piazzi Smyth, cited by that philosopher, aifords an interesting 
confirmation of the same fact :—“On a particularly fine night at the Cape, 
when the enlargement of the bright part of the new moon beyond the dark 
was unusually striking to the naked eye, amouuting to two or three 
minutes of space, a 14-foot reflector was turned to the object, and, with 
every increase of power, the apparent projection was more and more cut 
down—definition was very good that night. With power of 300 the pro- 
jection was barely sensible ; it did, however, still absolutely exist, but to 
perhaps not more than two or three tenths of a second of space,” * 

It is generally admitted that the irradiation of bodies is affected by the 
dimensions of the aperture of the telescope. When the aperture is dimin- 
ished, the apparent enlargement of the object is diminished also, This, 
doubtless, arises from the less intense brightness of the image. It is to 
be remarked, however, that when the aperture is reduced to very small 
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dimensions, the diffraction of the object-glass begins to affect the apparent 
magnitude of the image in the opposite direction, so that when the aper- 
ture has reached a certain degree of contraction, the enlargement arising 
from this cause may compensate for the diminished effect of irradia- 
tion. Prof. Powell is of opinion that this may account for Dr. Robinson 
having found the interval between the transits of the sun's limbs to be 
unaltered by contracting the aperture of the telescope, and also for the 
fact that Mr. Dawes, during the transit of Mercury over the sun’s disk 
in 1848, found that the apparent diameter of the planet was the same, 
when observed with different apertures. 

A review of the progress of researches on irradiation cannot fail to sug- 
gest the conclusion, that the knowledge we possess respecting its nature 
aud laws is still very imperfect and obscure. On the other hand, no doubt 
can exist that it exercises a sensible influence on the observations of the 
astronomer. It is manifest also, that as the art of observation continues 
to advance towards perfection, it will hecome more and more imperative 
on the part of the astronomer to attend to the effects produced by it. In 
the present state of the subject the inquirer is impeded at the very outset 
of his researches, by the want of data of sufficient completeness and pre- 
cision upon which he might establish his reasoning. It is to be hoped 
that amid the activity which pervades every department of astronomical 
science, this branch of enquiry will not fail to receive an amount of atten- 
tion adequate to its growing importance. 

‘We shall now proceed to give a brief account of the researches of astro- 
nomers, with a view to the explanation of various interesting phenomena, 
by means of some of the principles alluded to in this chapter. 
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Amw the variety of grand and beautiful phenomena which flow from 
the operation of nature’s laws, exciting alternately the admiration and 
delight of the attentive observer, there are some whose surpassing mnagni- 
ficence extorts universal homage, and awakens in the spectator a feeling of 
reverential awe. It is impossible for the most frivolous mind to regard 
with indifference the irresistible impetuosity of the hurricane as in its 
wild carecr it sweeps along every opposing obstacle, or to contemplate 
without emotion the sublime spectacle of the ocean wlien its billows are 
agitated by the fury of the tempest. The everlasting noise of the cataract, 
the deep roll of the thunder storm, or the sudden apparition of the 
eccentric comet in the heavens with its pale aspect and “ horrid hair,” 
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seldom fails to arouse the apathy of the most listless votary of nature. 
But perhaps on no occasion does the display of stupendous power in the 
economy of the physical universe exercise so subduing an influence over 
the mind, or produce so humiliating a conviction of the impotence of all 
human efforts to control the immutable laws. of nature, and arrest the 
course of events, as when the glorious orb of day, while riding in the hea 
vens with unclouded splendour, begins to melt away from an unseen cause, 
and goon totally disappears, leaving the whole visible world wrapped in 
the sable gloom of nocturnal darkness. The scene is rendered still more 
impressive by the circumstances accompanying so remarkable an occur- 
rence. The heavens assume an unnatural aspect, which excites a feeling 
of horror in the spectator; a livid hue is diffused over all terrestrial 
objects; the plants close up their leaves as on the approach of night; the 
fowls betake themselves to their resting-places ; the warbling of the grove 
is hushed in profound silence. Universal nature seems to have relaxed 
her energies, as if the pulse which stimulated her mighty movements had 
all at once stood still. 

During the early history of mankind, a total eclipse of the sun was 
invariably regarded with a feeling of indescribable terror, as an indication 
of the anger of the offended deity, or the presage of some impending 
calamity; and various instances are recorded of the extraordinary effects 
produced by so unusual an event. In a more advanced state of so- 
ciety, when science had begun to diffuse ler genial influence over the 
human mind, these vain apprehensions gave place to juster and more 
ennobling views of nature; and eclipses generally came to be looked 
upon as necessary consequences flowing from the uniform operation of 
fixed laws, and differing from the ordinary phenomena of nature, only 
in their less frequent occurrence. To the astronomer they have in all 
ages proved valuable in the highest degree, as tests cf great delicacy 
for ascertaining the accuracy of his calculations relative to the place of 
the moon, and hence deducing 2 further improvement of the intricate 
theory of her movements. In modern times, when the physical consti- 
tution of the celestial bodies has attracted the attention of many emi- 
nent astronomers, observations of eclipses have disclosed several in- 
teresting facts, which have thrown considerable light on some important 
points of enquiry respecting the sun and moon. 

In the present advanced state of astronomy, the records of ancient 
eclipses have been successfully employed in fixing the dates of contem- 
porary events, and thereby rescuing history, in many instances, from the 
confusion usually incident to a remote antiquity. It is thus that pheno- 
mena, which, at the time of thcir apparition, were regarded as the 
mysterious heralds of some impending calamity in the moral world, 
totally independent of the ordinary course of nature, and which would 
have been allowed to pass unnoticed, had it not been for the terror which 
they inspired, have become subservient in illustrating many cbseure pas- 
sages in the writings of the persons who record them, and cstablishing 
our knowledge of ancient times upon a more satisfactory basis. This is 
justly regarded as one of the most remarkable triumplis of modern science. 

Before entering upon the history of total eclipses of the sun it may not 
be out of place.to give a brief description of the nature of eclipses in 
general, and of the various circumstances which determine their oceur- 
rence. 
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appears to describe a great circle in the heavens, inclined at an incon- 
siderable angle-to the ecliptic. Hence it happens that, when the time of 
her conjunction with the sun coincides with her passage across the 
ecliptic, she appears projected upon the region of the heavens occupied by 
the sun, and, being an opaque body, conceals the whole or a portion of his 
disk from a spectator on the earth. The defect of light arising from this 
cause is what is termed @ solar eclipse. It is manifest that the moon 
cannot wholly intercept the solar light, unless during conjunction her 
apparent diameter exceed the apparent diameter of the sun. This condi- 
tion, however, is not always fulfilled, for, as the moon revolves in an orbit 
of considerable eccentricity, her distance from the earth varies in a 
sensible degree, and hence arises a corresponding variation in her apparent 
diameter, causing it sometimes to excced the apparent diameter of the 
sun, and other times to fall short of it. Hence, when the centres of 
the sun and moon are projected upon the same point in the heavens, 
and the apparent diameter of the moon at the same time exceeds that 
of the sun, the solar disk will be entirely concealed from the view of 
the spectator, and « total eclipse will be the consequence. If, however, 
while all other circumstances are alike, the apparent diameter of the moon 
be less than that of the sun, the solar disk will not wholly cease to be 
visible, but the opaque body of the moon will appear projected centrally 
on it, leaving a narrow ring of light exposed to view. In this case, there 
occurs the interesting phenomenon of an annular eclipse. When the 
moon does not pass centrally over the sun, but merely overlaps a segment 
of his disk, a portion of his light only is prevented from reaching the 
place where the spectator is situate, and @ partial eclipse then ensues. 

During a total eclipse of the sun it is manifest that the place on the 
surface of the earth which happens from this cause to be obscured, is then 
situated within the moon's shadow. When only a portion of the solar light 
is intercepted by the moon as in the case of an annular or partial eclipse, 
the place to which the eclipse is visible is situate beyon:t the limits of the 
lunar shadow in a partially-obscured region termed the penumbra. 

Since the moon in passing between the sun and the earth intercepts the so- 
lar light, either wholly or partially from some place on the surface of the latter 
body, so when, in the course of her synodic revolution, she arrives in the op- 
posite point of her orbit, the carth being now interposed between herand the 
sun, she is deprived in her turn of the solar light, and the phenomenon of 
a linar eclipse is the consequence. It is to be remarked that in all lunar 
eclipses, the solar rays are supposed to be wholly intercepted from the 
obscured surface, those cases in which a partial deprivation of light only 
occurs, being left out of consideration, on account of the difficulty of deter- 
mining the exact instant when the obscuration begins or ends. Hence a 
lunar eclipse corresponds to a total eclipse of thesun in regard to its specific 
character, the surface obscured being, in each case, actually immersed in 
the shadow of the eclipsing body. 

If the moon revolved in the plane of the ecliptic, she would necessarily 
pass between the sun and the earth at every conjunction, while again at 
every opposition, the earth would be interposed between the sun and moon. 
Hence a solar eclipse would take place at every new moon, and a lunar 
eclipse at every full moon. The lunar orbit being, however, inclined at an 
angle of about 8° to the plane of the ecliptic, an eclipse, whether solar or 
lunar, can only occur, when the moon during conjunction or opposition is 
near either of the nodes of her orbit. Astronomers have found by calcula- 
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tion that a solar eclipse cannot take place unless the moon during conjune- 
tion be within 17°21’ 27” of her node; nor a lunar eclipse unless during 
opposition her distance from the node be less than 11° 25’ 40”. The 
question with respect to the specific nature of the eclipse which may 
happen in either case, whether it be total or partial, will depend, ceteris 
paribus, upon the distance of the moon within the assigned limit. 

It follows from the foregoing remarks that, whenever the lunar node 
returns to the same position with respect to the sun and moon, an eclipse 
of the same nature will always recur. It is manifest that the frequent 
occurrence of eclipses in general, will depend on the condition of the lunar 
nodes with respect to their being fixed or moveable. Now, it appears 
from observation, that they regress with a rapid motion on the ecliptic, 
making a complete tour of the heavens in about 18 years. A remarkable 
relation subsists between the synodic revolution of the moon, and the mo- 
tion of her nodes, which causes the phenomena of eclipses to return within 
a definite period nearly in the same order. It appears, in fact, that while 
295 lunations include 6585.321 days, the nodes return to the same posi- 
tion with respect to the sun in 6585.772 days. ‘The difference amounts 
to .45] of aday, or barely 12 hours, during which interval of time the sun 
describes an ave of 28 6” relative to the lunarnode. Hence at the end of 
6585.821 days the moon will have retiuned to the same position with respect 
to the sun, and will only be at a distance of 28’ 6” from the same position 
with respect to the node. ‘This period of 223 lunations or 18¥ 10¢7h43™, 
which occasions a recurrence of eclipses in the same order, was known 
to the Chaldeans, who arrived at its discovery by comparing together the 
records of eclipses extending throughout a Jong succession of ages}. It 
appears from theory that seven eclipses may and that two must take place 
in the course of every year. When the number of eclipses is the greatest 
possible, both eclipses are solar. Out of seventy eclipses which usually 
take place within a period of 18 years, the average number of solar eclipses 
is forty-one, and of lunar twenty-nine. 

Although solar eclipses, generally speaking, occur very frequently, a 
total eclipse of the sun is an event which bappens only on very rare occa~ 
sions. This arises from the circumstance of the moon being so small a 
body compared with the sun, that her shadow frequently does not extend 
so far as the earth, and even when it does, its dimensions are so inconsi- 
derable that only under conditions of the most favourable nature, can any 
portion of the earth pass through it. In fact, although an eclipse recurs 
nearly about the same time within a period of 223 lunations, it will not 
be exactly of the same magnitude, and the alteration, although small, may 
suffice to transform it from a total to a partial eclipse. 

If a total eclipse of the sun is an event of vare occurrence even any- 
where on the surface of the earth, still more especially is this true when 


* Jt will be 18 10¢7" 43”, or 18% 11¢ 75 43%, according as four or five leap years 
happen within the cycle. 

+ In these calculations it is only the mean synodic revolution of the moon, and the mean 
motion of her node, that are considered. It is clear, therefore, that even although the 
two periods alluded to in the text were precisely equal, the inequalities both of the moon's 
longitude and of her node would cause the corresponding eclipses in each cycle to be of 
somewhat different magnitudes, and also to recur with more or less irregularity. The 
cycle is sufficiently true, however, to enable a person by means of it to predict eclipses in 
a rough way, and this is ail that the Chaldean astronomers aspired to accomplish. 
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the question relates to some particular place. Halley, in a paper on the 
total eclipse of the sun which happened at London on the 3rd of May, 
1715, has remarked that there had not previously occurred a total eclipse 
of the same body, which was visible in that city, since the 20th of March, 
1140 ap. In connexion with this ecireumstanee it is to be borne in 
mind that the cycle of 223 lunations has respect to the centre of the 
earth, and not to auy point on its surface. Novw, in virtue of the diurnal 
motion, the position of any point on the earth’s surface relative to the sun 
and moon, is generally different from the position of the contre of the 
earth relative to the same bodies. Moreover, since the earth is a body of 
considerable magnitude, while on the other hand the region obscured by 
the moon’s shadow, generally does not exceed 180 miles in diameter, it 
follows that only a comparatively narrow zone of the earth's surface can 
be eclipsed during any particular conjunction of the sun and moon. It is 
clear, therefore, that a total eclipse of the sun may recur regularly at the 
prescribed time within the cycle, and yet may not be visible at the same 
place of the earth’s surface. 

Although a solar eclipse may last several hours, counting from the 
commencement to the end of the obscuration, the interval of time during 
which the sun is completely hidden behind the dark body of the moon is 
very limited. The duration is greatest when the moon is in perigee and 
the sun in apogee ; for the apparent diameter of the moon being then the 
greatest possible, while that of the sun is the least possible, the excess of 
the former over the latter, upon which the totality of the eclipse depends, 
has then attained its maximum. Now the perigean diameter of the moon 
is equal to 83’ 31”, and the apogean diameter of the sun is equal to 
81’ 30”. The difference, 2’ 1”, is the arc which the moon in this case 
describes during the totality of the eclipse. It is manifest, therefore, 
when the rapidity of the moon's motion, especially in perigee, is taken 
into account, that even under the most favourable circumstances the sun 
will not continue totally eclipsed for move than a few minutes. 

The duration of a total cclipse of the sun varies, when all other cir- 
cumstances are the same, with the latitude of the place obscured, being 
Greatest at avy place under the equator, Du Séjour found from theory 
that the utmost possible duration of a total eclipse of the sun is 7™ 685 
under the equator, and 6" 10% in the latitude of Paris 

The duration of an annular eclipse is greatest when the moon is in 
apogee, and the sun is in perigee, fur the apparent diameter of the sun is 
then the greatest, while that of the moon is the least possible, and con- 
sequently the excess of the former over the latter, upon which the annular 
appearance depends, is then a maxinuum. ‘The greatest apparent diameter 
of the sun is 32’ 85”, and the least apparent diameter of the moon is 
29’ 22”. Hence the difference, 3’ 13”, is the are described by the moon 
while the eclipse continues annular; The maximum duration of an 
annular eclipse exceeds that of a total eclipse for two reasons : first, because 
the excess of the perigean diameter of the sun over the apogean diameter 
of the moon (3 13”) is greater than the excess of the perigean diameter 
of the moon over the apogean diameter of the sun (2’ 17”); secondly, 
because when the moon is in apogee her motion over the sun's disk is 
much slower than when she is in perigee. Du Séjour found by actual 





* Mém, Acad, des Sciences, 1777, p. 328. 
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calculation that the utmost possible duration of an annular eclipse under 
the equator, is 12” 24°, and under the latitude of Paris is 9™ 56*}. 

The writings of ancient authors contain some interesting allusions to 
eclipses, both of the sun and moon. The most remarkable is a total 


eclipse of the sun, whie 


Medes and Lydians wer 


statement of the Greek 


 Ilerodotus relates to have happened while the 
e actually engaged in battle. According to the 
historian, ‘the war between the two nations had 





continued during five years with alternate advantages to either party. In 
the sixth there was a nocturnal combat; for after an equal fortune on both 
sides, and while the two armies were engaged, the day suddenly became 
night.” He mentions that Thales the Milesian had predicted this pheno- 
menon to the lonians, and had ascertained the time of the year in which 
it would happen. He then adds that the Lydians and the Medes, seeing 
that the night had thus taken the place of day, desisted from the combat, 
and beeame desirous, on both sides, of making peace. 

This remarkable eclipse is alluded to by several ancient writers who 
flourished subsequently to Herodotus. As the last-mentioned author has 
not assigned the time of its occurrence, the ascertainment of this point 
has given rise to a good deal of discussion. Cicero and Pliny both con~ 
cur in asserting that it happened in the fourth year of the forty-eighth 
Olympiad. This would place it in the year 585 a.c. ‘This date has been 
adopted by Riccioli, Newton, and various other authorities of modern times. 
On the other hand, Scaliger found hy actual calculation that it happened 
on the Ist of October, 583 a.c.; ner placed it in the year 601 a.c.; 
Bayer, Costard, and several others, have maintained that a total eclipse 
of the Sun, which appears from theory to have happened on the 18th of 
May, 603 a.c., was the one alluded to hy Herodotus. 

The qugstion with respect to the date of the eclipse, continued in this 
state of uncertainty until the year 1811, when Baily finally communicated 
a paper to the Royal Society containing its true solution, By a skilful 
criticism of the passage in which the Greck historian alludes to the event, 
he has proved beyond all doubt that it could not lave happened earlier 
than 629 a.c., or Jater than 595 a.c. Out of seventy eclipses which hap- 
pened within that. period, he found only one which was total in the 
peninsula of Asia Minor. ‘That eclipse happened on the 30th of Septem- 
ber, 610 a.c. It avas central and total to part of Asia Minor, Armenia, 
and Media, and the moon's shadow passed over the very locality where 
the two armies most probably were engaged§. It seems impossible to 
withhold the conclusion that this is the eclipse mentioned by the Greek 
historian as having produced so memorable an impression on those who 
were spectators of it. 

Herodotus also mentions a total eclipse of the sun, which happened 
when Xerxes was advancing with his army from Sardis to Abydos. He 
states that the sun heeame im le, although the heavens everywhere 
presented a serene and cloudless aspect; and, that in consequence, night 
took the place of day!|. The date of this eclipse has been referred to the 
year 480 A.c. ‘The question of its actual occurrence is liable, however, to 
some doubt, arising from a difficulty experienced in reconciling the state- 
ment of the historian with calculations founded on the solar and lunar 
tables. 

Thucydides the historian alludes to an eclipse of the sun which hap- 
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pened in the first year of the Peloponnesian war. He mentions that it 
took place about noon, and that several stars were visible *, The language 
of the writer is somewhat equivocal with respect to the question whether 
it was a total or 2 partial eclipse. Kepler considers it to have been total +. 
It occurred on the 8rd of August, 431 a.c. 

Diodorus Siculus relates that a total eclipse of the sun happened when 
Agathocles, king of Syracuse, was proceeding with his fleet to Africa. 
He affirms that the darkness was so great as to bring on the appearance 
of night, and that stars were visible in all directions. This eclipse is 
computed to have occurred on the 15th of August, 310 a.c. 

Philostratus, in his “Life of Apollonius,” mentions that the death of 
Domitian, the Roman emperor, was previously announced by a pheno- 
menon which appears to have been no other than a total eclipse of the 
sun. ‘In the heavens,” says he, “there appeared a prodigy of this 
nature: a certain corona, resembling the Iris, surrounded the orb of the 
sun and obscured his light.” It follows from a remark which he after- 
wards makes in refereuce to this event, that the darkness was so great ag 
to cause the appearance of night. ‘The corona to which Apollonius alludes 
is a phenomenon that is gencrally seen around the dark body of the moon 
during a total eclipse of the sun. A more detailed account respecting it 
will be given presently, ‘This eclipse has been referred to the year 
95 aw. 

Plutarch, in his ‘Dissertation on the Lunar Spots,” alludes to a total 
eclipse of the sun which had recently happened about mid-day. The 
darkness was so great as to cause the day to resemble night. Stars were 
everywhere visible. This eclipse must have occurred towatds the close of the 
first century, or early in the beginning of the second. Kepler states that 
he caleulated a great many eclipses which oceurred about the year 100 a.p., 
and that he found no one which agreed better with the words of Plutarch 
than a total eclipse of the sun which happened in the year 113 ap. 
It is not improbable, however, that it is identical with the eclipse men- 
tioned by Philostratus, the date of which is necessarily antecedent to the 
month of September, 96 a.v. 

Total eclipses of the san are ulso recorded to have happened in the 
years 287, 360, 418, 484, 787, 842, 878, 957, 1115. 

Tt has been mentioned that Halley, in a paper communicated to the 
Royal Soviety, alludes to a total eclipse of the sun which happened at 
London on the 20th of March, 1140 av. The illustrious astronomer 
does not state in very explicit terms whether his knowledge of this 
eclipse is founded upon records of its actual occurrence, or upon a strict 
calculation of its date by means of the solar and lunar tables. Neither 
Kepler nor Riccioli makes any allusion to a total eclipse of the sun having 
occurred in this year. he following passages extracted from the works 
of contemporary writers will shew, however, that it was not allowed to 
pass unrecorded. 

In the section of the Saxon Chronicle which yelates to the events of the 
year 1140, there appears this statement: “In the Lent the sun and the 
day darkened about the noontide of the day, when men were eating; and 
they lighted candles to eat by. That was the thirteenth day before the 
calends of April. Men were yery much struck with wonder.”; The 


* Thuceyd., lib. ii. De FS ae Ley On enn Se Se en ee 
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annalist then proceeds to relate the dire consequences which followed this 
event. 

In reference to the same eclipse, William of Malmesbury, states, that 
“while persons were sitting at their meals, the darkness became so great 
that they feared the ancient chaos was about to return, and upon going out 
immediately, they perceived several stars about the sun.” * 

Total eclipses of the sun are recorded to have happened in the years 
1187, 1241, and 1415. A remarkable total eclipse of the sun occurred 
on the 17th of June, 1433. ‘This eclipse was visible in Scotland, and 
the time of its occurrence was long remembered by the people of that 
country as the Black Hour. Maclaurin states, that there is an account of 
it in a manuscript, preserved in the library of the University of Edin- 
burgh. It is therein mentioned that the eclipse took place about three 
o'clock in the afternoon, and that the darkness was so profound that 
nothing was visible. ‘The latter remark is manifestly an exaggeration. 
It appears, however, that it was an eclipse of a very unusual kind, for 
Maclaurin found that at the time of its occurrence the sun was only 2° 
from his apogee, and the moon not more than 13° from her perigée t. 
This eclipse is not in Riccioli’s Catalogue, but he refers to it in another 
part of his work {. 

History makes mention of total eclipses of the sun which occurred in 
the years 1485, 1506, 1580, 1514, 1560, 1567, 1598%, 1603, 1652 ||, 
16994. 

Down to the beginning of the cighteenth century, the accounts respecting 
total eclipses of the sun, contain very few remarks which are of advantage 
in forming the basis of any physical enquiry. The descriptions of similar 
phenomena which haye been observed in more recent times derive consider- 
able value from the interesting details by which they are accompanied. 

The first total eclipse of the sun, respecting which the accounts have 
any pretension to fulness or precision, was one which happened on the 12th 
of May, 1706. It was observed at Montpellier by MM. Plantade and 





* Historia Novella, lib. ii.; Rerum Anglicarum post Bedem Precipui Scriptores, p. 


5. 

‘+ Phil. Trans., 1787, p. 194. ¢ Almag. Nov., lib. v., cap. ii, Schol, 

§ This eclipse was total in the British Isles. The moon's shadow seems to have passed 
over the border counties of England and Scotland. The day of the eclipse was long 
remembered in both countries as Black Saturday 

{| This eclipse was also total in the British s. It was observed by Dr. Wyberd at 
Carrickfergus in the north of Ireland (sce Wing's Astronomia Britannica, p- 855), The 
day of its occurrence gave rise to the expression Mirk Monday among the people of Scot- 
land, which is even still used in some parts of that country, although the eclipse itself has 
Tong ago fallen into oblivion. 

4 This eclipse happened on the 24th of September, and was observed at various places 
in the north of Europe. It is mentioned by several of the Swedish observers of the total 
celipse of 1738.—(Acta Lit. et Scien. Suecie, tom. iv., Upsal., 1742.) At Leipsic, 
where it was very nearly total, a correspondent of the Royal Society states, that “ when 
ten digits were obscured, the sky, being otherwise very clear, began to appear of a more 
livid or wan complexion, and more sad than it usually looks, with a clear sky when the sun 
is set, or below the horizon. The cocks also which bad hitherto crowed very frequently, 
as if silenced, going to ronst, left off crowing and did not renew it, till by the recovery of 
the sun’s light they had recovered their former gaiety and mirth.”—( Phil. Trans., 1700, 

. 624.) Louville, in his account of the total eclipse of 1715, to be presently mentioned, 

as noticed a similar fact. He says, that a little before the sun was totally eclipsed, the 
cocks of London began to crow as at daybreak; that they were silent during the total ob- 
scuration ; and that the sun had no sooner reappeared than they commenced again to crow 
with greater vivacity than before. —(Mém. Acad. des Sciences, 715. p. 98) 
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Capiés*, at Geneva by Duillier+, at Nuremburg, by Wurtzelban ¢, and at 
a variety of other places. At Montpellier the total obscuration lasted 
4™ 10%, During the time that the sun was totally hidden, there appeared 
a corona of light around the dark body of the moon. The planets Venus, 
Mercury, and Satarn, as well as Aldebaran, and several other fixed stars, 
were visible to the naked eye. The effects produced upon the animated 
eveation by the sudden transition from day te night were. remarkable. 
“The bats flew about as at dusk. ‘Ihe fowls-and pigeons betook them- 
selves in great haste to their resting-places. The little birds which sung 
in cages were silent and put their heads under their wings. The animals 
which were at labour stood still.’ At Geneva the total obscuration lasted 
3”, Duillier states, that the Council which had been engaged in delibera- 
tion when the eclipse came on, arose from their seats, because they were 
unable to read or write. Bats were seen flying about, and swallows looke 
ing in amazement for a place of refuge. In several parts of the city there 
were seen persons prostrate on the ground and offering up prayers, under 
the impression that the Jast day was come. On the tops of some of the 
mountains of Switzerland, where the viciv of the heavens was not ob« 
structed by the gross vapours that accumulate in the lower regions of the 
horizon, the stars appeared as thickly strewed as in the time of fall moon. 
The aspect of the heavens could neither be compared to the darkness of 
night, or the chastened hue of twilight $. | Wurtzelban states, that it was 
impossible for any person not to feel appalled at the spectacle j. 
alley has given an interesting account of the total eclipse of the sun 
which happened at London on the 8rd of May, 1715©. ‘The total ob- 
scuration lasted 5" 22°. The planets Jupiter, Mercury, and Venus, as well 
as Capella and Aldebaran, were visible to the naked eye. There appeared 
a luminous ring around the moon as on the occasiou of the eclipse of 
1706. “I forbear,” says Halley, “in his communication to the Royal 
Society, “ to mention the chill and damp which attended the darkness of 
this eclipse, of which most spectators were sensible and equally judges. 
Nor shall I trouble you with the concern that appeared in ali sorts of 
animals, birds, beasts, and fishes. upon the extinction of the sun, since 
ourselves could not behold it without some sense of horror. 
Lonville, who repaired from Paris to London, for the express purpose 
of witnessing this eclipse, has also given an accouut of it which appears 
in the “ Memoirs of the Academy of Sciences,” for 1715+}. In various 
places of England which were more favourable for observing the phenome- 
non than London, as many as twenty stars were seen with the naked eye 
during the totality of the eclipse {!. The direction of the shadow was. 
towards the north-east. At Upsal, in Sweden, the total obscuration lasted 
4™ 9° §§, 
On the 22nd of May, 1724, a total eclipse of the sun happened, which 
was visible in France and Germany. Jt was observed by Maraldi and J. 


















’ 


* Mém. Acad. des Sciences, 1706, p. 113 (Hist.). 

+ Phil. Trans, 1706, p. 2241, et seq. 

{ Miscellanea Beroliniensis, tom. i., p- 219, et seq. 

§ Mém. Acad, des Sciences, 1706, p. 118 (Hist. ). 

i. Miscellanea Beroliniensis, tom. i., p. 228. 

4j Phil. Trans., 1715, p. 245, et seq. ** Phil. Trans., 1715, p. 261. 

tt Mém, Acad. des Sciences, 1715, p. 89, et seq. $f Phil. Trans, 1715, p. 250. 
§§ Ibid., 1715, p. 256. 
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Cassini, at Trianon *, and by Delisle, at Paris}. At Trianon, the total ob- 
scuration lasted 2™ 16%. Venus, Mercury, and a few of the fixed stars, 
were visible to the naked eye. ‘Ihe obscurity does not seem to have been 
so great as on some former occasions. Wagner states, that when it was 
at its maximum, there was still light enough to enable a person to deci- 
pher written characters and to discern objects at a moderate distance off t. 
On this occasion also a corona of light was seen to encompass the dark 
body of the moon, during the totality of the eclipse. 

On the 2nd of May, 1733, there happened a total eclipse of the sun, 
which was visible in the north of Europe. At Forshem, in Sweden, 
the total obscuration lasted 3™ 8°§. Jupiter, the stars of Ursa Major,, 
Capella, and several other stars were visible to the naked eye. It 
was generally remarked, however, that the darkness was not so great 
as during the total eclipses of 1699 and 1715). The luminous ring 
formed a conspicuous phenomenon during the total obscuration. It was 
sufficiently bright to be seen distinctly with the naked eye 4]. Three or 
four spots of a reddish colour were also perceived near the limb of the 
moon, but not in immediate contact with it * These interesting pheno~ 
mena will be alluded to presently in more detail. 

On the 9th of February, 1766, a total eclipse of the sun occurred, which 
was observed in the Southern Ocean by the persons on board the French 
ship of war the Conde d'rtois, The total obscuration lasted only 538, 
There was seen a luminous ring about the moon, which had four remark- 
able expansions situate at a distance of 90° from each other}. 

On the 24th of June, 1778, there happened a total eclipse of the 
sun, which was observed at sea by the Spanish Admiral Don Antonio 
Ulloa, while passing from the Azores to Cape St. Vincent ?!. The total 
obscuration lasted four minutes. The luminous ring presented a very 
beautiful appearance. Before it became very conspicuous, the stars of the 
first and second magnitude were distinctly visible; but when it attained 
its greatest brilliancy, those of the first magnitude alone could be per-. 
ceived. The darkness was such, that persons who had been asleep in the 
afternoon, having awoke, imagiued to their great astonishment that the 
night was already far advanced $§. ‘The fow]s, birds, and other animals on 
board, took their usual position for sleeping, as if it had been night. 

On the 16th of June, 1806, a total eclipse of the sun occurred, which 
was visible in North America. At Kinderhook, in the State of New 
York, it was observed by the Spanish astronomer, Don Joachim Ferrers |||. 
The total obscuration lasted 4" 378. One or two of the planets and a few 
stars of the first maguitade were visible. The moon appcared to be sur- 
rounded by a luminous ring. There was a slight fall of dew, while the 
sun was totally hidden. 
















* Mém. Acad. des Sciences, 172 

t Miscellanea Beroliniengs, tom. 

§ Acta Lit. et Scien., Suecia, tom. iv., p. 61, Upsalie, 1735. 

| Acta, Upsal., tom. iv., pp. 60, 63, 64. { Acta, Upsal., tom. iv., p. 64. 

** Phil. Trans., 1733, p. 135; Acta, Upsal., vol. iv., p. 65. 

tt, The officers of the Comte d’ Artois gave a detailed description of this eclipse to Le 
Gentil, who has briefly alluded to it in the beginning of the second volume of his work, 
Voyage duns les Mers de? Inde. Paris, 1781. 

}} Phil. Trans., 1779, p. 105, et seq. 

§§ The total obscuration commenced at 44 minutes past three o’clock in the afternoon. 
(Phil. Trans., 1779, p. 107.) 
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On the 30th of November, 1834, there happened 2 total eclipse of the 
sun, which was visible in Georgia and South Carolina, U.S. At Milledge- 
ville, Georgia, the phenomenon was observed by the French astronomer, 
Nicollet *. ‘The total obscuration lasted 1™ 15%. At Beaufort, South Ca- 
rolina, two planets and four stars of the first magnitude were visible to the 
naked eye f. 

A total eclipse of the sun depends upon the concurrence of so many 
circumstances, that an opportunity of observing a phenomenon of this 
nature seldom occurs to the astronomer, even if the place where it is 
visible were invariably favourable for that purpogg. When it is con- 
sidered, however, that the track of the lunar shadow is not infrequently 
confined to a region remote from the great centres of European science, 
it may easily be conceived that an astronomer may pass his whole life- 
time without enjoying the gratification of witnes ig So impressive a 
spectacle. An intense interest was therefore naturally excited by the 
approaching occurrence of the total eclipse of July 8, 1842, which was 
announced to be visible in the north of Ttaly, and in the southern pro- 
vinces of France, Germany, and Russia. Many of the most eminent as- 
tronomers of Europe repaired to different stations upon the track of 
the lamar shadow, with the intention of observing the phenomenon. 
M. Avago awaited its oceurrence at Perpignan; M. Valz, at Marseilles; 
M. Petit, at Montpellier; the late Mr. Baily, at Pavia; Mr. Airy, 
at the Superga, near Turin; M. Carlini, at Milan: MM. Santini, 
and Conti, at Padua; MM. Schumacher and Littrow, at Vienna; 
and MM. Otto Strnve, and Schidlowsky, at Lipesk. It was witnessed 
under favourable circumstances at all these stations, as well as at 
several other places; and detailed statements respecting it were drawn up 
by the various observers, which have formed the groundwork of much 
interesting speculation. The following account of the occurrence of the 
eclipse, by M. Arago, cannot fail to repay perusal Ly the reader. 

“At Perpignan, persons who were seriously unwell, alone remained 
within doors. As soon as day began to break, the population covered the 
terraces and battlements of the town, as well as all the little eminences 
in the neighbourhood, in hopes of obtaining a view of the sun as he as- 
cended above the horizon. At the citadel we had under our eyes, besides 
numerous groups of citizens established on the slopes, a body of soldiers 
about to be reviewed. 

“The hour of the commencement of the eclipse drew nigh. More 
than twenty thousand persons, with smoked glasses in their hands, were 
examining the radiant globe projected upon an azure sky. Although 
armed with our powerful telescopes, we had hardly begun to discern 
the small nvtch on the western limb of the sun, when an immense 











* Silliman’s Amer. Journal, vol. xxviii., p. 193. 

+ Silliman’'s Journal, vol, xlii., p. 175. 

t Messrs. Baily and Airy have given descriptions of the eclipse, in vol. xiv. of the 
Memoirs of the Astronomical Society. The observations of the French Astronomers 
are all given by M. Arago in the slunuaire for 1845. In vol. iv. of the Giornale del! 
Istituto Lombardo, there are interesting communications respecting the phenomenon, 
by MM. Piola, Carlini, Belli, Santini,and Confighliachi. M. Schumacher has given an 
aceount of the eclipse in No. 437 of the Astronomische Nachrichten. An account of 
the observations of M. Otto Struve and his colleague is inserted, in No. 470 of the last. 
mentioned Journal. In the Annunire for 1845, M. Arago has collected and arranged ail 
the observations of the eclipse, and has discussed them in the same volume, with the 
ability which characterizes all the labours of that illustrious philosopher. 
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exclamation, formed by the blending together of twenty thousand dif- 
ferent voices, announced to u& that we -had anticipated by only a few 
seconds, the observation made with the unaided eye by twenty thousand 
astronomers equipped for the occasion, whose first essay this was. A lively 
cufiosity, a spirit of emulation, the desire of not being outdone, had the 
privilege of giving to the natural vision an unusual power of penetration. 
During the interval that elapsed, between this moment, and the almost 
total disappearance of the sun, we remarked nothing worthy of relation, in 
the countenances of so many spectators. But when the sun, reduced to a 
Very narrow filament, aegan to throw upon the horizon only a very feeble 
light, a sort of uneasiness seized upon all; every person felt a desire to 
communicate his impressions to those around him. Hence arose a deep 
murmur, resembling that sent forth by the distant ocean after a tempest. 
The hum of voices increased in intensity as the solar crescent gtew more 
slender; at length the crescent disappeared, darkness suddenly suceceded 
light, and an absolute silence marked this phase of tlie eclipse, with as 
great precision as did the pendulum of our astronomical clock. The phe- 
nomenon in its magnificence, had triumphed over the petulance of youth, 
over the levity which certain persons assume as a sign of superiority, over 
the noisy indifference of which soldiers usually make profession. “A pro- 
found stillness also reigned in the air; the birds had ceased to sing. 

“ After an interval of solemn expectation, which lasted about two minutes, 
transports of joy, shouts of euthusiastic applause, saluted with the same 
accord, the same spontancous fecling, the first reappearance of the rays 
of the sun. ‘To a condition of melancholy produced by sentiments of an 
indefinable nature, there succeeded a lively and intelligible feeling of 
satisfaction which no one sought to escape from, or moderate the impulses 
of*, To the majority of the public, the phenomenon had arrived at its 
term. 'The other phases of the cclipse had few attentive spectators beyond 
the persons devoted especially to astronomical pursuits.”} 

The interval of time during which the sun was totally hidden behind the 
dark body of the moon was comparatively brief, even at those places which 
were most favourably situated for observing the phenomenon. At Perpig- 
nan, which was close to the centre of the Junar shadow, the total obscura- 
tion lasted only 2™ 118. At Payia, the duration of the totality was 2" 24s, 
At Venice, which was situate near the southern limit of the shadow, the 
duration was only 43%. In the regions of castern Europe, the total obscu- 
rity lasted somewhat longer. At Lipesk the duration extended to 8™ 5s, 

‘The luminous ring usually seen around the moon during a total eclipse 
of the sun, appeared on this occasion with great splendour. ‘There were 
also perceived, three rose-coloured protuberances of sensible magnitude 
in apparent contact with the moon’s limb. The darkness which prevailed 
during the totality of the eclipse was considerable. Sig. Piola states that 
at Lodi, the planet Mars, two stars of the constellation Gemini, Aldcbaran, 

* In connexion with this remark, the following anecdote, which, according to MM. 
Arago, appeared in the Journal of the Lower Alps, of July 9, 1842, cannot fail to prove 
interesting to the reader. A poor child of the commune of Siéyes was watching her flock 
when the eclipse commenced. — Entirely ignorant of the event which was approaching, 
she saw with anxiety the sun darken by degrees, for there was no cloud or vapour visible 
which might account for the phenomenon. When the light disappeared all at once, the 
poor child, in the height of her terror, began to weep, and call out for heip. Her tears 
were still flowing when the sun sent forth his first ray. Reassured by the aspect, the 
child crossed -her hands, exclaiming, in the patois of the province, “ O beou Souleou !* 
(O beautiful Sun !) . 

+ Annuaire, 1846, p. 303. 
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Capella, as well as several other stars of the first magnitude, were visible. 
The citizens of Venice remarked; with respect to a steamboat which was 
passing on the Lagunes, during the totality of the eclipse, that the column 
of smoke which usually issues from the funnel was no longer visible. The 
sparks of flame which the column draws along with it, appeared in conse- 
quence to be isolated, and produced a very beautiful effect *. 

The appearance presented by surrounding objects during the eclipse was 
very remarkable. M. Lentheéric has stated that, at Montpellier, a little 
before the commencement of the totality of the eclipse, the light had 
acquired a livid and ashy tint, imparting to the human countenance an 
aspect which was painful to contemplate. MM. Pinaud and Boisgirard 
yemarked that at Narbonne, as the eclipse advanced, the obscurity 
assumed a character quite peculiar. It had a wan and livid hue, 
a shade of greyish olive, which scemed to throw over nature a veil of 
mourning. At Lodi the aspect of the heavens, according to -Sig. Piola, 
was very striking.- There were seen two reddish zones extending along 
the horizon, one in the southern and the other in the northern region of 
the heavens, ‘They were of a dull copper colour, totally different from 
the ruddy hue of the aurora or the twilight. ‘he rest of the heavens 
passod without any degradation to a dark azure inclining to violet, Its 
light reflected by the waters of the Po and the Lake of Lecca imparted to 

- thom an aspect which inspired terror. At Lipesk the heavens appeared 
of a greyish violet. The stars Aldebaran and x Orionis, which are 
usually red, appeared quite white. It was remarked by all observers, that 
the spectacle presented during the totality of the eclipse was of a very 
appalling nature. 

‘A great number of interesting facts were noticed respecting the effects 
produced upon animals, by the sudden transition from day to night. M. 
‘Avago states, that in many instances, horses and other animals employed 
in labour, halted all at once wheu the eclipse became total, lay down, and 
obstinately refused {o move in spite of whip or spur. At Montpellier, 
according to M. Leuthérie, the bats, thinking that night was come, left 
their retreats, An owl wus seen to leave the tower of St. Peter and fly 
over a part of the town; the swallows disappeared; the fowls went to 
roost ; a herd of cattle feeding in a field, formed themselves into a circle, 
their heads directed outwards, as if to resist an attack. At Venice swal- 
lows were caught in the streets, the terror with which they were seized, 
having taken from them the power of Hight. On the other hand, M. 
Arayo states it to be a well-ascertained fact, that the horses employed 
in the diligences continued to pursue their courses, without seeming to be 
in the slightest degree allected by the phenomenon, 

The effect of the obscurity upon those plants which usually close up 
their leaves during night, was very appavent. At Prades in L'rance, at 
Milan, and at Vienna, it was found that several plants had closed up 
during the totality of the ecli 

With respect to the variation of the thermometer during the eclipse, 
M. Arago remarks that it was not so considerable as might have been 
supposed from the impression of cold upou the hands and face. At 
Perpignan a thermometer, placed in the shade, descended 8° on the cen- 
tigrade scale. With respect to the thermometers exposed to the direct 
action of the solar rays, the variation, of course, was much greater. A 
thermometer with a black bulb, contained in a globe of glass, from which 

* Giornale dell’ Istitute, del Lombardo, tom. iv., p. 810, 
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the air was exhausted, being “exposed to the sun, was found to have de- 
scended 8°.7 between 5> 6™ and-55 48*, A thermometer with a bulb of 
ordinayy. glass descended’ 5°.5 between 5° 10™ and 5" 48", At the 
various places of: Italy, where, observations of this nature were made, the 
mean descent of the thermometer was 2°.5 Reaumur. At Lipesk, M. 
Otto Struve found that a thermometer placed in the shade fell 3° Reau- 
murf. At Perpignan, Turin, Vienna, and several other places, a heavy 
dew fell during the obscuration. 

The total eclipse of July 8, 1842, afforded an interesting illustration of 
the high state of perfection which astronomical science has attained, in the 
fidelity with which it responded to’ the calculations that had been pre- 
viously made. respecting the time of its occurrence. ‘Lhe coincidence 
which subsisted in this respect, combined with the remarkable phenomena 
which presented themselves during the obscuration, were also well eal- 
culated to*elevate the mind to a contemplation of the Eternal Being 
who directs the movemeuts of the celestial bodies with such unerriug 
regularity, and exercises such an all-pervading influence over the in. 
nuinerable arrangements of creation. Although in European countries 
a total oclipse of the sun is no longer regarded with feelings of super- 
stitious terror, it would be forming an opinion of human nature equally 
erroneous and ignoble, to suppose thet in the present advanced state of 
civilisation, a spectacle of such sublimity could bo viewed with sceptical 
indifference. ‘All the accounts respecting this eclipse,” says Sig. 
Piola, “contain reflections on the perfection of that great machine of 
the universe, whose movements are so regular that the astronomer is en- 
abled, long beforehand, to predict their effects with unfailing precision ; and 
from contemplating the machine, it was natural to ascend to the Supreme 
Artificer. While this idea swells in the mind, there is another which, at 
the same time, shrinks into insignificanco—that suggested by contem- 
plating the position of man in the midst of creation. ‘fhe magnificence 
of the scale upon which the phenomena of the eclipse, whether atmo- 
spheric or celestial, took place, was patent to every spectator, ‘I'he exten~ 
sive coloration of an unusuel hue, that was visible, the rapid changes 
which occurred, above all the obscurity which settled over nature like 
the funereal pall thrown over a dead body, and whose subsequent with- 
drawal in an instant, operated like a resurrection—all this produced on 
the mind a mixture of profound and indefinable impressions which it 
will bo pleasing to hold long in remembrance.” 

Among the various eclipses of the sun recorded as having happened in 
ancient times, some were, in all probability, annulur; but in no instance 
is the description of the writer sufliciently clear to establish, beyond 
all doubt, the actual occurrence of an eclipse of this nature. ‘I'he earliest 
eclipse, which is unequivocally asserted to have been annular, was one 
which occurred in the year 1567. Clavius, who observed it at Rome, has 
stated that, when the obscuration was greatest, there still remained 
around the moon's limb a very narrow ring of the solar light §. Kepler, 
however, found by calculation, that the sun must have been totally covered 
by the moon on that occasion, and upon this ground he maintained that 
the luminous ring, observed by Clavius, was no other than the corona 


* The total obscuration commenced at 5° 46" 51* a.at. 
+ Bibliothéque Universelle de Genéve, vol. xli 
I oc, An iad HT = 
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of light which usually appears around the moon during a total eclipso of 
the sun 

Tycho Brahé, misled by an erroncous determination of the apparent 
diameters of the sun and moon, came to the conclusion that a total eclipse 
of the sun was impossible, and that, in fact, all central eclipses of that 
body were necessarily annular. In accordance with this view of the 
subject, he contended that the eclipse of 1560, observed at Coimbra by 
Clavius, as well as the eclipse of 1598, observed at various places in the 
North of Europe, both of which were reputed to have been total, were in 
reality annular. It has been ascertained, however, that in each of these 
instances, the apparent diamcter of the moon was less than that of the 
sun; and, therefore, it follows that during a short interval of time the 
sun must have been totally concealed from observation. 

In 1601 there happened an cclipse of the sun, which appears, beyond 
all doubt, to have been annular in Norway. Longomontarfus asserts, 
upon the authority of Fossius, Bishop of Bergen, that the fishermen on 
the neighbouring coast perceived with great admiration the whole body of 
the moon projected upon the sun, leaving uncovered a uniform ring of 
the solar disk, about a digit and a half in breadth}. An annular eclipse 
was also observed by Bouitlaud, in the year 1639. 

‘The first annular celipse respecting which we possess a detailed account, 
was one which happened on February 18, 1737. It was observed in 
Scotland by the celebrated mathematician, Maclaurin, who communicated 
to the Royal Socicty an interesting paper respecting it, which appears in 
the volume of the Z'ransactions of that body for the same year§. The 
annular eclipses which have since been observed are those of 1748, 1764, 
1791, 1820, 1831, 1836, 1838, and 1847. 

We now proceed to notice, in detail, the phenomena which generally 
characterise solar eclipses, and to give a brief account of the various specu- 
lations that have been propounded respecting their physical origin, 

It has been universally remarked that during the progress of eclipses 
the colour of the shy undergoes a change. Halley, in his account of the 
total eclipse of 1715, speaks very explicitly upon this point. ‘ When 
the eclipse,” he, “was about ten digits (that is, when about five-sixths 
of the solar diameter weve immersed), the face and colour of the sky 
began to change from perfect serene azure blue to a more dusky livid 
colour, intermixed with a tinge of purple, and grew darker and darker till 
the total immersion of the sun."j! The observers of the total eclipse of 
July 8, 1842, all concur in asserting that the colour-of the sky underwent 
a remarkable change during the progress of the obscuration; but they 
differ materially in the details which they furnish respecting the pheno- 
menon. M. Arago remarks that these discordances are mainly attributable 
to physiological causes connected with the organ of vision; and as it is 
impossible to arrive at an udcquate appreciation of the influence of these 
causes, he considers that avy enquiry founded upon the statements of the 
yarious observers would be altogether useless, more cspecially as they are 
for the most part destitute of precision. He, therefore, undertakes simply 
to investigate the effect which the progress of the eclipse tends to produce 
upon the colour of the atmospheric light, in any particular region, without 














* Ad Vitellionem Paralipomena, p. 299. 
+ Astronomia Danica, lib. i., cap. 9. $ Astronomia Philolaica, lib. ii., p. 210. 
§ Phil. Prans., 1737, p. 177, et seq.  Tbid., 1715, p. 247. 
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taking into account the modifying influence of extraneous causes, selecting 
for this purpose the region which is vertical relative to the spectator, 
He remarks that every particle of the atmosphere, although illuminated 
mainly by the direct tays of the sun, is also affected in some degree by 
the light reflected in every direction from the othor particles. During 
the progress of the eclipse, the region of the atmosphere which lies verti- 
cally above the Spectator, ceases gradually to be illuminated by the direct 
rays of the sun, while, on the other hand, it is constantly exposed to the 
same intensity of reflected light from the region whigh lies in the horizon 
of particles situate at a reat altitude above the place of observation, for 
the sun still continues.to shine upon that region with all his force. 'The 
Proportion of direct to reflected light continues to diminish as the eclipse 
increases in magnitude, until at length the reflected light produces a 
more intense effect than the direct, and thereby determines the visible 
colour of the sky. Now it is a fact. which camot fail to have come under 
the observation of every person, that the rays of light proceeding from 
those regions of the atmosphere that iie near the horizon, invariably differ 
in hue from those which are transmitted from the more elevated regions. 
Tt follows, therefore, as a necessary consequence, that the colour of tho 
sky in the region which js vertical relative to the spectator will undergo 
a perceptible change *, 

This explanation is Very ingenious, but it does not give a satisfactory 
account of the unnatural aspect which the sky exhibits daring an eclipse, 
and which has been universally remarked to be totally different from the 
appearance of the dawn or twilight. It is to be borne in mind, however, 
that the circumstances which determine the faint illumination of the 
atmosphere during an eclipse, although analogous to those upon which 
the phenomenon of the dawn or twilight depends, are not absolutely 
identical with them ; and hence it is not improbable that the different 
condition of the light, arising from this cause, may produce the pallid hue 
which is visible during an eclipse. : 

It has been found that while the colour of the sky changes vory sen- 
sibly during eclipses of the sun, a similar effect is also produced upon 
terrestrial objects. Even as carly as the year 840, A.p., it was remarked 
that during the total eclipse of the sun which happened in that year, the 
colours of objects on the earth were changed}. Kepler mentions that 
during the solar eclipse which happened in the autumn of 1590, the 
reapers in Styria noticed that everything hed a yollow tinge}. Tt was 
remarked by MM. Plantade and Clapiés, on the oceasion of the total 
eclipse of 1706, that as the obscuration increased or Giminished, objects 
changed their colour. When two-thirds of the solar diameter were 
eclipsed, they assumed the colour of orange yellow ; when there was only 
about the twonty-fifth part of the diameter visible they assumed a reddish, 
tinge, resembling water that has been diluted with wine. 

Sir John Clarke, in an account of the annular eclipse of 1787, states, 
that there was no considerable darkness, but that the ground was covered 
with a kind of dark greenish colour §. 

In Le Gentil’s brief description of the total eclipse of 1706, it is stated 
that during the Breatest obscuration objects assumed a tinge of livid 
yellow, which produced a very remarkable effect '|, : 


* Annuaire, 1846, p. 296. + Ad Vitellionem Paralipomena, p. 294. 
+ Ad Vitellionem P: omena, p. 303. _ § Phil. Trans. 1797 n,n lay 
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During tho total eclipse of 1842, it was universally remarked that the 
colours of terrestrial objects were changed. 

M. D'Hombres-Firmas perceived that when three-fourths of the sun 
were eclipsed, ohjects of a reddish colour, and the human countenance 
especially, appeared paler, and acquired an olive hue. According to M. 
Lordat, a few minutes before the commencement of the totality of the 
eclipse, objects appeared to have a slight tinge of yellow; the light anon 
became wan and livid; in certain positions the human countenance had 
a cadayerous aspect 

Sig. Piola states that the observers of the eclipse in Italy generally 
remarked that towards the total obscuration objects assumed a greenish 
tinge, which passed gradually to a saffron hue, or to violet, as some of the 
observers asserted}. According to Mrs. Airy, the effect produced was 
like looking at objects through a very dark greenish glass {. 

It is manifest that the aspect of terrestrial objects cannot fail to be affected 
by the change of colour which the atmospheric light undergoes during the 
progress of an eclipse. It cannot be doubted, however, that the phe- 
nomena above mentioned are, to a considerable extent, attributable to the 
influence of contrast. Moreover, it is to be remarked that the physio- 
logical constitution of the eye tends to produce a modifying effect upon 
the specific hue of objects. Under these circumstances, it would obviously 
be premature to make such observations as those above cited, the ground- 
work for deducing any sound conclusions of a general nature. : 

The darkness which prevails during a total ctlipse of the sun is not so 

rofound as might be expected, nor as it is generally supposed to be. 
“errer, in his account of the total eclipse of 1806, states, that even when 
the effect produced by the interception of the solar rays was at its 
maximum, the light which still remained, was equal fo that of the full 
moon$. In general, it has been found that the darkness is sufficiently 
intense to prevent a person from reading, although there have not been 
<wanting several instances of a contrary natare. Mr. Airy has remarked 
that the iumination during the total eclipse of 1842 was so small, that 
he could with difficulty read the divisions on the watch-plate, which was 
within eight inches of his eye. The faint visibility which continues to 
subsist even when the sun is totally concealed behind the dark body of 
the moon, arises mainly from the light reflected by those regions of the 
atmosphere which are still iJluminated by the direct rays of the sun. It 
is evident, however, that the corona around the moon will also contribute 
in some degree towards producing the effect. The observation of Don 
Ulloa, relative to the darkness which prevailed during the total eclipse of 
1778, is very decisive upon this point. It has been mentioned that at 
the commencement of the total obscuration he was enabled to perceive 
the stars of the second magnitude, but that, after the appearance of the 
luminous ring, only those of the first magnitude were visible. 


* Annuaire, 1846, p, 291. 

+ Giornale dell’ Istituto del Lomb., tome iv., p. 304. 

¢ Mem. Ast. Soe., vol. xv., p. 17. In thus using the liberty of divesting the obser- 
vation cited by Mr, Airy, of the anonymons character in which he has presented it in his 
paper on the eclipse, the author pleads the example of M. Arago, upon whose authority 
aloue he has been induced to adopt a course which is at all times desirable, but more 
especially so when the subject is of an historical nature, as it happens to be in the pre- 
sent instance. 


§ Trans. Amer. Phil. Soe., vol. vi., p. 266. 
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The darkness which prevails during the total obscuration of the sun, 
does not appear to be equally profound, when the observations of differont 
eclipses are compared together; nor even at different places where the 
same eclipse has been observed. This arises partly from the variable 
condition of the atmosphere, and partly from the circumstance that during 
an eclipse all places are not equally immersed in the moon’s shadow. It 
is manifest that all those places which are situate close to the boundary 
of the lunar shadow, are exposed in a greater degree to the light reflected 
from the regions of the atmosphere upon which the sun is still shining, 
than are the plaecs contiguous to the centre of the shadow, It was upon 
this principle that alley explained the fact that at London the obscurity 
during the total eclipse of 1715, was less intense than that which pre- 
vailed in various other parts of England that were more deeply immersed 
in the lunar shadow*, 

A fact was noticed during the total eclipse of 1842, which deserves to 
be mentioned. Sig. Piola states, that at Lodi, the darkness during the 
totality of the eclipse was equal to that by which the stars of the second 
magnitude are usually discerned, and yet only those of the first magnitude 
were visible}. A similar remark was made by M. Otto Struve, with 
respect to the same eclipse. He states that at Lipesk the darkness 
surpassed in a small degree that which reigns at St. Petersburg durin 
the summer solstice; but that, while in the latter case the stars of the 
third magnitude are usually discernible without any difficulty, in the 
former case those of the first alone could be pereeived}. Sig. Belli 
explains this curious fact by refereneo toa physiological principle. He 
remarks that during the short interval of total obscuration, the eye has 
not sufficient time to recover from the dazzling effect of the sun's rays, 
and consequently is unable to take due advantage of the obscurity which 
actually prevails §. ‘This is, doubtless, the true explanation of the anomaly 
observed on such occasions. 

The suddenness with which day succeeds night, upon the reappearance 
of the sun after undergoing a total eclipse, has been remarked by all 
persons who have witnessed a phenomenon of this nature. The first ray 
of the sun darts forth from behind the moon's limb with a velocity that 
has been compured to the swiftness of an arrow, a flash of lightning, or 
some such emblem of extraordinary speed jj. According to Sig. Piola, so 
rapid was the effect produced by the teappcarance of the sun on the 
occasion of the total eclipse of 1842, that it might be said to have been 
night, and in an instant it was dayf. The same observer states, that it 


* Phil. Trans., 1715, p. 290. Sig. Piola has stated that Persons stationed upon the 
hills around Brescia, during the total eclipse of 1849, enjoyed the beautiful prospect. of! 
the peaks of Rosa and Cimone brilliantly illuminated by the sun’s rays, while they them. 
selves were involved in the obscurity of the moon’s shadow, (Gior. dell’ Ist. Lomb., 

. 310.) 
F + Giorn, dell’ Ist. Lomb., tome iv., p. 341. 

t Bibliotheque Universelle de Genéve, tome aliv., p, 368, 

§ Giorn. dell’ Ist. Lomb., tome iv., p. 341. . 

|} ‘¢ Instar fulgoris*—« instar sagittarum radii solis repente prorumpentes °—“radiug 
solis instar sagittee prevolavit”_« radius admodum iliustris prorupit,” &¢., &. Such are 
the terms employed. by the Lutheran pastors of Sweden, in describing the reappearance 
of the first rays of the sun on the oveasion of the total eclipse of 1733, 

{ “Talché si poté dire che in momento era notte e fu giorno ” ( Giornale dell J. R. 
Istituto del Lombardo, tome iv., p. 314). Attempts have been made to detect the 
motion of the moon’s shadow in the course of its passage over the surface of the earth, 
To effect such an object, however, is manifestly 9 very 27 Aah enc Cig? Mat ™, ates 
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was universally remarked by the spectators df the eclipse at Lodi, that 
the light emitted by the sun previous to the total obscuration, produced a 
much less dazzling effect than that which distinguished his emersion from 
behind the dark body of the moon. In the former case, the spectatér 
was enabled to look upon the sun for several minutes previous to the total 
obscuration, without experiencing any inconvenience; in the latter case, 
it was impossible for the naked eye to withstand the violent impact of the 
first rays of the sun. ‘This fact had been already notiecd by Halley, on 
the occasion of the total eclipse of 1715. The English astronomer had 
suggested two distinct causes, to whose combined operation it might be 
ascribed. One of these was of a physiological nature; the other implied 
the existence of a lunar atmosphere. He remarked, in the first place, 
that previous to the total obscusation, the pupil of the eye might be very 
much contracted by viewing the sun, and, consequently, the organ of 
vision would be less liable to suffer from the effulgence of the light than 
at the instant of emersion, when the pupil had again expanded. Secondly, 
he suggested that, as the castern margin of the moon, at which the sun 
disappeared, had been exposed for a fortnight to the direct action of the 
solar rays, the heat generated during this period might cause vapours to 
ascend iu the lunar atmosphere, which, by their interposition between the 
sun and the earth, would have the effect of tempering the effulgence of 
the solar rays passing through them. On the other hand, the western 
margin of the moon, at which the sun reappeared, had just experienced a 
night of equal length, during which the vapours suspended in the lunar 
atmosphere, had been undergoing a course of precipitation upon the 
moon's surface under a process of cooling. In this case, therefore, the 
solar rays would meet with less obstruction in passing through the lunar 
atmosphere, and, consequently, it was reasonable to suppose that they 
would produce a more intense effect*, 

It is clear that both causes above mentioned might conspire together in 
producing the observed effect. As, however, there are no reasons for 
supposing that the moon possesses an atmosphere capable of exercising 
any appreciable influence, it is probable that the true explanation is to be 
sought in the different dimensions of the pupil of the eye, at the com- 
mencement and the end of the total obscuration. 

The honinons ring that appears around the moon is one of the most 
interesting features of a total eclipse of the sun. The earliest.allusion to 
it is probably to be found in the passage of the Life of Apollonius, already 
cited, wherein the author mentions that the death of the emperor 
Domitian had been previously announced by a total eclipse of tle sun. 
“In the heavens,” says Philostratus, “there appeared a prodigy of this 





immense velocity with which the shadow sweeps over any particular place of observation. 
Halley calculated that the shadow of the eclipse of 1715 passed over England at the 
rate of fifty-nine geographical miles in 2 minute (Phil. Trans. 1715, p. 260). Mr. 
Airy has mentioned in his account of the total eclipse of 1842, that he endeavoured to 
detect the progress of the lunar shadow as it passed over the immense plain of Lom- 
bardy, but that his efforts were unsuccessful. He adds, however, that Messrs. Plana and 
Forbes felt assured that they saw the darkness travel over the country. The only remark 
of a similar nature which the author has met with in the accounts of former eclipses is 
.contained in the following extract from Duillier’s paper on the total eclipse of 1706 :— 
“A little before the total obscuration, the country on the west side did already seem 
overcast with darkness; and after the total obscuration, the darkness was seen to leape us 
more and more, and to fly eastward” (Phil. Trans., 1706, p. 2248). 
* Phil. Trans., 1715, p. 248. 
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nature. A certain corona, resembling the Iris, surrounded the orb of the 
sun, and obscured his light.” ; 

Plutarch, also, about the same time, alludes in one of his works to the 
Phenomenon of the luminous ring. Speaking of a total eclipse of the 
sun which had recently happened, he endeavours to show why the dark- 
ness arising from occurrences of this nature is not so profound as that 
which usually prevails when the sun is below the horizon. He begins 
by assuming, as the basis of his reasoning, that the earth greatly exceeds 
the moon in dimensions. After citing various authorities in support of 
this assertion, he then proceeds thus :— Whence it happens that the 
earth, on account of its magnitude, entirely conceals the sun from our 
sight... 0... But even although the moon should at any time hide 
the whole of the sun, still the eclipse is deficient in duration as well ag 
amplitude, for a peculiar effulgence is seen around the circumference, 
which does not allow a deep and very intense shadow.”* Tt cannot 
admit of any doubt that the phenomenon alluded to in the above pas- 
sage is the luminous ring that has been invariably observed around 
the moon in modern times on the occasion of a total eclipse of the 
sunt. . 

Tt would scem that Clavius observed the luminous ring at Rome during’ 
the eclipse which happened on April 9, 1567, although he was not con- 
scious of its real nature. It has been already mentioned, that when the 
obscuration was greatest, lic perceived a narrow ring of light around the 
moon, which he supposed to bo the margin of the solar disk. Ke; ler, 
however, maintained that the luminous circle scen by Clavius, could not 
really be a portion of the sun. Le found, in fact,’ by calculation, that 
during the eclipse, the moon was at her mean distance from the earth, in 
which position, he remarked, her apparent diameter exceeds that of the 
sun even when he is in perigee; while at the same time the sun was 
approaching towards apogee, where his apparent diameter is the least 
possible. Ee therefore came to the conclusion that the sun must have 
been totally covered by the moon during the eclipse, and, consequently, 
that the appearance observed by Clavius could not have been produced 
by the direct transmission of the solar rays. The explanation which that 


* It will be seen that the passage in the text differs materially from that cited by 
M. Arago, in the Comptes Rendus, tome xiv., p- 848, which is to the following effect :— 
“ La Lune laisse déborder autour delle, dans les éclipses, une partie du Soleil, ce gui 
diminue Vobscur: It is merely on the strength of the last part of this sentence, and 
in direct contradiction to the first part, that M. Arago ventures to suggest that the 
Phenomenon of the luminous ring is probably that to which Plutarch alludes. It is 
manifest, however, that the sentence may be supposed, with greater plausibility, to apply 
to annular éclipses. With respect to the passage cited in the text, there cannot exist a 
shadow of a doubt that it refers to the luminous ring that is visible around the moon 
during a total celipse of the sun, The following are the express terms in which Plutarch 
alludes to the phenomenon :—4 32 caso xdv Ghov wort xginvn rav Hrr0v, ode izss xedvor, 
oWdh wrdres, fh indunbis, GRAd aigipainras ais abyh igh whe Ieem, ode deve Babsiay yinicdas 
thy oxiky nal dxpare, (Plut., Opera Mor. et Phil., vol. ix., p. 682, Edit. Lips., 1778). 
M, Arago dovs ‘not mention the part of Plutarch’s works in which the original of the 

















translation given by him is to be found. It is not improbable, therefore, that he may 


refer to some less unequivocal passage of the Greck author than that above cited. 

+ This eclipse is sometines referred to the year 98, A.D. 3 Kepler, however, is dis- 
posed to believe that it happened in the year 113, A.D. (Tabul. Rudotp. Precept, 
p. 104). 
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illustrious astronomer has given of the physical cause of the phenomenon 
will be noticed presently. 

The luminous ring was visible around the moon during the total eclipse 
of 1598. Jessenius, who observed the eclipse at Torgau in Germany, 
remarked that during the greatest obscuration there appeared a bright 
light shining around the moon*. On this occasion, also, the phenomenon 
was generally supposed to arise from a defect in the totality of the eclipse, 
although Kepler strenuously contended that such an explanation was at 
variance with the relation between the values of the apparent diameters 
of the sun and moon, as computed for the time of the eclipse by the aid 
of the solar and lunar tables. He considered the phenomenon to be 
identical in its nature with that observed during the eclipse of 1567, and 
to be a usual accompaniment of total eclipses of the sun. 

The views of Kepler respecting the eclipses of 1567. and 1598 first 
appeared in his “ Supplement to Vitellion,” which was published in the 
year 1604, They reccived a striking confirmation from the observations 
of the total eclipse of the sun which happened in the following year. 
On this occasion the eclipse was observed at Naples, under circumstances 
which did not admit of any doubt respecting the existence of the ring. 
“The whole body of the sun was effectually covered for a short time. 
The surface of the moon appeared quite black ; but around it there shone 
a brilliant light of a reddish hue, and uniform breadth, which occupied a 
considerable part of the heavens.” + 

During the total eclipse of the sun which happened on the 29th of 
March, 1652, and which was visible in the British Isles, the moon was 
seen surrounded by a ring of light. Dr. Wyberd, who observed this eclipse 
at Carrickfergus in the north of Ireland, has stated that when the sun was 
reduced to a very slender crescent of light, the moon all at once threw her- 
self within the margin of the solar disk with such agility, that she seemed 
to revolve like an upper millstone, affording a pleasant spectacle of rotatory 
motion! He remarks, however, that in reality the sun was totally eclipsed, 
and that the appearance was due to a corona of light around the moon, 
arising from some unknown cause. He adds, that it had a uniform 
breadth of half a digit, or a third of a digit at least, that it emitted a bright 
and radiating light, and that it appeared concentric with the sun and moon 
when the two bodies were in conjunction {. 

The luminous ring formed a conspicuous accompaniment of the total 
eclipse of the sun which happened on the 12th of May, 1706. The de- 
scription of it given by*"MM. Plantade aud Capiés, who observed the 
eclipse at Montpellier, is clearer and more precise than any other that 
had been hitherto recorded. As soon as the sun was totally eclipsed, there 
appeared around the moon a very white light forming a kind of gprona, the 
breadth of which was cqual to about 3’. Within these limits the light was 
everywhere equally vivid, but beyond the exterior contour, it was less in- 
tense, and was seen to fade off gradually into the surrounding darkness, 
forming an annulus around the moon of about 8° in diameter §. 








* Ad Viteltionem Paralipomena, p. 299, 

+ Kepler, De Stella Nova, p. 116, 4to., Prag. 1606. 
¢ Wing, Astronomia Britannica, p. 356. 

§ Mém. Acad. des Sciences, 1706, p. 251. 
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Halley's account of the total eclipse of the sun which happened at 
London in 1715, corroborates the testimony of preceding observers with 
respect to the existence of the luminous ring, and also contains some in- 
teresting particulars relative to its physical aspect. “A few seconds,” 
says he, “ before the sun was all hid, there discovered itself round the 
moon a luminous ring about a digit, or perhaps a tenth part, of the moon’s 
diameter in breadth. It was of a pale whitencss or rather pearl colour, 
seeming to me a little tinged with the colours of the Iris, and to be con- 
centric with the moon.” He remarked, moreover, that the ring appeared 
much whiter and more brilliant near the body of the moon than at a dis- 
tance from it, aifd that the exterior Loundary was very il] defmed, seem- 
ing to be determined only by the extreme rarity of the luminous matter *, 

The account of the appearance of the ring on this occasion, given by 
the French astronomer Louville, tends to confirm the truth of Halley's 
remarks, He has stated, however, that there were interruptions in its 
brightness, causing it to resemble the radial glory with which painters en- 
circle the heads of the saints. He asserted with confidence that it ap- 
peared to be concentric with the moon +. 

The luminous ring formed a conspicuous feature of the total eclipse of 
the sun which occurred on the 22nd of May, 1724. Maraldi has stated, 
that at the commencement of the total immersion, the ring appeared 
broader on the east than on the west side; but, on the other hand, that at 
the end of the total immersion, it appeared broader on the west side. He 
remarked also that the breadth of the ving where it bordered upon the 
northern limb of the moon, was greater than the breadth at the part bor- 
dering upon the southern limb}. 

‘The luminous ring appeared with great splendour on the oceasion of the 
total eclipse of 1783. A Great many interesting observations relative to 
it, due chiefly to Lutheran pastors, are to be found in the fourth volume of 
the Lransaetions of the Royal Society of Sweden §. The following are a 


* Phil. Trans. 1715, p. 249. 

+ Mém. Acad. des Sciences, 1715, p. 90. t Ibid., 1724, p. 178. 

§ Nothing can be more praiseworthy than the zeal with which the clergymen in the 
rural districts of Sweden tesponded to the invitation of the Royal Society of 
to note the various phenomena connected with the occurrence of the total eclipse of 
1733. The observations transmitted by them to the Society on this occasion, were all 
arranged methodically by Celsius, previous to their insertion in the volume referred to 
in the text. Although they cannot pretend to much precision, still it may be asserted 
without hesitation, that they form the most complete description of a total eclipse of the 
sun which is to be found in the records of astronomical observation previous to the total 
eclipse of 1842, This is more especially remarkable, as only a few years previously, 
other two total eclipses of the sun had happened (in fact, during the intermediate period 
the movn’s node in the one case had made only balf a revolution, and in the other not 
more than a whole revolution), by means of which the inhabitants of the two countries of 
western Europe, which boast of their superior civilization, had an opportunity of making 
similar observations. With Tespect to the total eclipse of 1715, the account given by 
Halley is the only one due to an English observer which contains a single remark of 2 
physical nature.” The other descriptions, relating to the duration and magnitude of the 
eclipse, merely served the purpose of enabling Halley to determine the Precise track of 
the lunar shadow as it passed over England. Something might have been expected 
from Cotes, who observed the eclipse at Cambridge ; but, according to Halley, he had 
the misfortune to be oppressed with too much company. Tle accounts given by the 
French observers of the total eclipse of 1724, are still more Meagre and unsati 
since in this case there is not even one description whieh 
degree by its merits, for the barrenness of the others, 
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might compensate, in some 
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few details respecting it, which have been extracted from the paper by 
Celsius embodying them. 

The pastor of Stona Malm states, that at Catherinesholm, during the 
total obscuration, there was seen a ring around the sun about a digit in 
breadth, from which there issucd rays of light. According to the pastor 
of Forshem, the ring appeared of a reddish colour, similar to that which is 
perceived in the Jris. At the commencement of the total obscuration it 
appeared broadest towards the west; in the middle it presented a uniform 
aspect; and at the close it was broadest towards the northt. ~Vallerius, 
another pastor, states, that the ring was more ruddy and compact close to 
the sun, and that at a distance from that body it appedfed of a greenish 
colour. The pastor of Smoland affirms, that during the total obscuration 
the Iimb of the moon resembled gilded brass, and that the faint ring 
around it emitted rays in an upward as well as in a downward direction, 
similar to those seen beneath the sun when a shower of rain is impending |. 
M. Edstrom, Mathematical Lecturer in the Academy of Charlestadt, as- 
serts, that the ring appeared everywhere of equal breadth, that it emitted 
rays from above as well as from below, that these rays were equal in 
brilliancy, but of unequal length, and that they plainly maintained the 
same position until they vanished alony with the ring upon the reappear- 
ance of the sun's limb§. At Lincopia the ring appeared of a bright white 
colour, but it did not exhibit a radial aspect ||. L'vom the descriptions’given 
by several observers, it would seem that at the commencement of the total 
obscuration, the ring appeared brightcr and broader at the part of the 
moon's limb where the sun had disappeared, but that towards the close 
of the obscuration it was more conspicuous in both these respects at the 
part whore the sun was about to emerge. 

It has been already mentioned, that a luminous ring was seen around 
the moon during the total eclipse of the sun which happened on the 9th 
of February, 1766, ‘The most remarkable feature exhibited by it con- 
sisted of four luminous expansions, separated from each other by equal 
intervals of 90°, Two of them were situate in the plane of the ecliptic; 
the other two were at opposite extremities of a diameter of the ring per- 
pendicular to that plane. A copy of a drawing of the ring by the officers 
of the French ship of war, the Comte d’Artois, appears at the beginning of 
the second volume of Le Gentil's Voyage dans les Mers de U'Inde. 

A very interesting account of the luminous ring as it appeared during 
the total eclipse of 1778, is given by the Spanish Admiral Don Antonio 
Ulloa. He states, that five or six seconds after the commencement of the 
total obscuration, a brilliant luminous circle was seen surrounding the 
moon, which became more vivid as the centre of that body continued to 
approach the centre of the sun. About the middle of the eclipse, its breadth 
was equal to one-sixth of the moon’s diameter. ‘There appeared issuing 
from it, a grcat number of rays of unequal length, which could be discerned 
to a distance equal to the lunar diameter. It seemed to be endued with a 
rapid rotatory motion, which caused it to resemble a firework turning round 
its centre, The colour of the light was not uniform throughort the whole 
breadth of the ring. ‘Towards the margin of the lunar disk, it appeared 
of a reddish hue; then it changed to a pale yellow, and from the middle 


* Acta Lit. et Scien. Suec, Upsal., tom. iv., p. 56. + Ibid, p. 61. 
$ Ibid. p. 62, § Ibid, p. 57, {| Ibid., p, 59. 
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to the outer border, the yellow gradually became fainter, until at length it 
seemed almost quite white *. 

Ferrer, in his account of the total eclipse of 1806, has given a brief 
description of the luminous ring. He states, that’the colour of the light 
emitted by it resembled pearl colour, and that it had a breadth of about 6. 
From the exterior margm there were seen luminous rays extending out- 
wards to a distance of more than 3°, The light was brightest at the edge 
of the moon, and terminated very confusedly at the outer border. With 
respect to its relative position, the ring seemed to be concentric with the 
sunt. De Witt, who observed the same eclipse at Albany in the State of 
New York, states, that « the luminous circle on the edge of the moon, 
as well as the rays which were darted from her, were remarkably pale, and 
had that bluish tint which distinguishes the colour of quicksilver from a 
dead white.” t 

The luminous ring appeared with great splendour during the total 
eclipse of July 8, 1842. It was of uniform brightness in those parts 
that bordered’ on the moon's limb, whence it faded imperceptibly out~ 
wards, terminating so confusedly, that it was impossible to trace its exe 
terior limit. The difference between the inner and outer parts of the 
ring appeared to M. Arago to be sufliciently marked to sanction the 
subdivision of the ring into two concentric zones, the inner zone being 
everywhere of equal density and well defined at the outer border, while on 
the other hand the exterior zoue, although the broader of the two, wag 
fainter even at the inner border, and gradually diminished in brightness 
until it was lost in the surrounding darkness. The interior zone was a 
Conspicuous object at all the stations where the eclipse was observed, and 
everywhere presented the same aspect, ‘The exterior zone, being much 
fainter, did not exhibit the same degree of magnitude at the different places 
of observation. Indecd it was only under favourable conditions of the 
atmosphere that it was visible at all, 

With Tespect to the dimensions of the corona, it could not be expected 
that the observations would present a very close agreement, owing to the 
indefinite nature of its structure. At Perpignan, M. Silva found by means 
of a repeating circle, that the interior zone had au invariable breadth of 3’ 
during the whole time of complete obscuration. Mr, Airy estimated its 
breadth at an eighth part of the lunar diameter, or about ‘4’, From the 
statements of the various observers, it would Appear that this part of the 
luminous ring, ov in other words the part exhibiting a uniform condensation, 
extended from the moon’s limb to a distance of between 3’ and 4’, 

The exterior zone of the corona being more or less perceptible accord- 
ing to the condition of the atmosphere, there naturally arose considerable 
discordances in the observations relative to its breadth at the different 
Stations. At Montpellier, M. Petit obtained 8’ 45” for the distance to 
which the corona was visible. This would indicate the breadth of the ex- 
terior part to be about 8’. Mr. Baily estimated the breadth of the whole 
corona at half the moon's diameter, or about 16’. At Lipesk, where it 
appeared with great splendour, M. Otto Struve found that it was visible 
to a distance of 25’ from the moon's limb. 

At sev8ral stations the regularity of the contour of the ring appeared 
to be interrupted by two or more expansions of light. In France there 


* Phil. Trans., 1779, p. 108. 
+ Trans. Amer. Phil, Soe., vol. vi, p. 266. t Ibid., p, 801, 
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were generally two such expansions visible. They were situate at oppo- 
site extremities of a diameter, passing through the point at which the sun 
went in behind the moon’s limb, and the opposite point at which he 
reappeared. At Milan, Sig. Picozzi observed two jets of light occupying 
similar position. It was, doubtless, from the same cause that the ring 
appeared slightly eccentrie at “Novara, for it was remarked that its 
greater axis coincided with the direction of the moon’s motion*. A 
similar elongation of the ring was also observed at Padua, by Sig. Biele, 
and several other persons +. Sig. Pietropoli, who observed the eclipse at 
that city, remarked that the ring sensibly bulged out at the opposite 
extremities of a diameter inclined to the horizon at an angle of about 
10°{, M. Otto Struve perceived several luminous jets, which in some 
instances extended as far as 4° from the moon's limb §. 

From the ring there were generally secn to issue diverging rays of un- 
equal length. At Perpignan, M. Mauvais found that some of these rays 
extended as far as 33’ from the moon's limb. Mr. Baily, in his account 
of the eclipse, remarks, that at Pavia the diverging rays had the effect 
of depriving the corona of the appearance of a ring|. On the other, 
Mr. Airy states, with respect to the aspect of the corona, when viewed 
from the Superga, that, although a slight radiation might have been per- 
ceptible, it was not sufficiently inteuse to affect in a sensible degree the 
annular structure by which the luminous appearance was plainly distin- 

uished {!. These discordances are doubtless mainly attributable to the 
ifferent conditions of the atmosphere at the various places of observation. 

Phenomena of a still more anomalous nature were remarked by several 
observers in France. At Perpignan, M. Arago, distinctly perceived with 
the naked eye, a little to the left of the diameter, passing through the 
highest point of the moon’s limb, a luminous spot composed of jets, en- 
twined in each other. He states, that “ in appearance, they resembled 
a hank of thread in disorder." A similar phenomenon was observed at 
Montpellier. It was remarked, also, at some stations, that the direction 
of the diverging rays was not in all instances perpendicular to the moon's 
limb. Some of these rays when prolonged towards the moon, instead of 
passing through the centre of that body, cut off only a small segment of 
her disk. 

The prevailing colour of the ring at the different stations was white. 
At Perpignan it assumed a yellowish hue in the telescope, but it appeared 
white to the naked eye. According to Mr. Airy, it had a close resemblance 
to peach culour. Mr. Baily and M. Otto Struve both found it quite white. 

The different degrees of brilliancy which the ring exhibited at the 
various places of observation is worthy of remark. At Perpignan, its 
lustre resombled that of the moon. ‘The aspect which it presented to 
Mr. Airy, at the Superga, was somewhat similar. On the other hand, 
at Pavia it appeared with a splendour which excited the admiration of 
every spectator. ‘* I had imagined,” says Mr. Baily, “ that the corona, 
as to its brilliant or luminous appearance, would not be greater than that 
faint crepuscular light which sometimes takes place on a summer's even- 








* Giorn, dell’ Ist, del Lomb., tom iv., p. 307. Sig. Configliachi also affitms, that at 
Monguzzo two expuisions of light were visible at opposite extremities of a diameter of 
the ring. (See the volume above cited, p. 368.) 

+ Giorn. dell’ [st. del Lomb., tom. iv., p. 381. } Ibid., p. 383. 

§ Annuaire, 1846, p- 829. ll Mem. Ast. Soe., vol. xv. p. 5. 
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ing, and that it would encircle the moon like a ring. I was, therefore, 
somewhat surprised and astonished at the splendid scene which now so 
suddenly burst upon my view.”* At Lipesk, the brilliancy of the ring 
was still more vivid. According to M. Otto Struve, it was 80 intense as 
to be barely supportable to the naked eye. So strong was the impression 
which it produced upon the spectators of¢the eclipse, that many of them 
could with difficulty be persuaded that the whole of the solar disk was 
actually concealed behind the body of the moon +. 

These extraordinary variations in the brightness of the ring are doubt- 
less attributable to the more or less favourable condition of the atmosphere 
at the different places of observation. In connexion with this explanation, 
M. Arago has suggested, with great probability, that the intense brilliancy 
which the ring exhibited at Lipesk, may have arisen from the compara- 
tively high altitude of the sun during the totality of the eclipse. As an 
illustration of this remark it may be stated that at Perpignan, where the 
ring resembled the moon in lustre, the altitude of the sun at the time of 
his total immersion was 11° 59’; whereas at Lipesk the altitude of the 
same body was 41° 19’, when the totality of the obscuration took place. 
Xow it is very manifest that the atmospheric medium of air through which 
the eclipse was observed, was much less favourable for discerning the 
brightness of the ring in the former case, than it was in the latter {. 

At Montpellier, there were many persons who asserted that the ring 
turned continually round its centre. We have seen that a similar remark 
had been already made with respect to the corona which appeared during 
the total eclipses of 1652 and 1778. At Lipesk, the light of the ring 
seemed to M. Otto Struve to be in a stato of violent agitation. Myr. Bail 
states, that the rays had a flickering appearance, somewhat like that which 
: gas illumination might be supposed to assume, if formed into a similar 
shape. 

The ring generally became visible a few seconds previous to the total 
immersion of the sun, and it continued to be perceived during an equal 
interval of time subsequent to his reappearance. This circumstance sug- 
gested to M. Arago an interesting method of determining the intensity of 
the light of the ring relative to the light diffused throughout the atmo- 
sphere by the full sun. It is manifest, that at the instant when the ring 
first becomes vi8ible, its light must exceed, in intensity, the atmospheric 
light which appears around it. In order that an object may become 
barely visible, it is necessary that its Lrightness should exceed that of the 
ground upou which it appears projected by a certain determinate quan- 
tity §. In this mamer, then, the light of the ring becomes directly com- 
parable in intensity with the light diffused around it. Now, the atmo- 
spheric light around the ring varies in the direct ratio of the solar segment, 
which remains uncovered by the moon. Hlence, knowing the magnitude 
of the visible segment of the sun, it is easy to compare the light diffused 
by it through the atmosphere with the light diffused by the full san, and 
when this point has been ascertained, the relative intensities of the light 
of the ring and the light diffused by the full sun become comparable also. 
Now, the magnitude of the solar segment may obviously be deduced from 


* Mém. Ast. Soc., vol. xv., p. 4. 

+ Annuaire, 1846, p. 336, + Ibid., p. 336. 

§ At p. 881 of the Annuaire for 1846, M. Arago asserts, as the result of experiment, 
that in such a’ case the brightness of the object must exceed that of the ground upon 
which it is projected by a sixtieth nart. 
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the interval of time which elapses between the instant of the ring becom 
ing visible, and that of total obscuration, for the time which the moon 
takes to cover tho segment will at once afford an indication of its breadth. 

It appears from the foregoing remarks, that the comparison of the 
light of the ring with the light diffused in the atmosphere by the full 
sun, depends upon the determination of the precise time which elapses 
between the commencement of the visibility of the ring, and the instant 
of total obscuration. On this point, however, the observations do not 
agree sufficiently well with each other, to be of much utility to enquirers 
in resolving so delicate a question. At Montpellier, M. Petit perceived 
the ring, five or six seconds before the sun had totally disappeared behind 
the dark body of the moon. At Sulon it was seen by M. Largetau, four 
or five seconds previous to the total immersion. Mr, Baily has remarked, 
that only three or four seconds were wanting to complete the total immer- 
sion of the sun when he first saw the ring. 

The luminous ring was seen at some places that were situate actually 
beyond the limits of the lunar shadow, and where consequently a segment 
of the solar disk continued visible, even during the time of greatest obscu- 
ration. In such cases it is manifest that the magnitude of the solar seg- 
ment visible, upon which the relative intensity of the light of the ring, as 
determinable by the foregoing method, depends, may be obtained by cal- 
culating the maximum phase of the eclipse at the place under considera- 
tion, M. Avago cites an interesting observation of this nature, made by 
M. D’Hombre Firmas, at Alais, which was contiguous to the lunar shadow, 
but not actually involved in it. “ Every one,” says the last-mentioned 
individual, “ remarked the circle of pale light which encompassed the 
moon when she almost entirely covered the sun*. It would appear that 
this is not the only instance in which the ring has been seen during a 
partial eclipse of the sunt. 

The ring at first was only partially visible, being incomplete on the 
side of the solar disk which was still uncovered by the moon. As soon, 
however, as the total obscuration was effected, the ring appeared entire, 
“A bright line,” says Mrs. Airy, “ seemed to form round the right side 
of the moon before the disappearance, but not quite round, so that the 
ring was not complete; but at the moment of the total disappearance, the 
ends seemed suddenly to join and form the complete ring.”} At Milan, 
Sig. Majocehi, and his companions, perceived a fragment of the ring a 
few seconds before the total obscuration, situate in the region where the 
first contact of the two bodies took place; and they continued to discern a 
faint tagce of it in the opposite region, a short time after the reappearance 
of the sun §. This tallies exactly with the observation just cited. 

It was remarked that the ring first appeared brightest on the side 
of the solar disk, which was just covered by the moon, but that previous 
to the close of the total obscuration, it was brightest at the part where 
the sun was about to reappear. This interesting fact is alluded to by 
several of the observers of the eclipse. ‘There was no defined edge 
to the ring; it changed sensibly, being brightest first on the left 


* Annuaire, 1846, p. 339. 

+ Thus in an account of the solar eclipse of November 27, 1722, communicated by 
an observer in America to the Royal Society, it is stated that at Barnstable, on Cape 
Cod, there was but a little left of the sun, and that nearer the head of the Cape, there 
was a ring of light quite round the moon (Phil. Trans. 1724. p. 69). - 


HISTORY OF PHYSICAL, ASTRONOMY. 385 


side where the sun had gone in, then below, and then on the right 
side; the light coming out at each place successively, like little beams 
from the moon's edge. Such are the terms in which the variation of 
the appearance of the ring as viewed from the Superga, is described *, 

Sig. Piola states, that at St. Angelo, near Lodi, the same remark was made 
by every person who witnessed theeclipse}. Ithas been already mentioned 
that a similar fact was noticed, with respect to the appearance of the 
ring, during the total eclipses of 1724 and 1733. 

The question relative to the physical cause of the laminous ring has 
given rise to much speculation. Some persons have supposed it to derive 
its origin from the moon, while others again have maintained that it ig 
purely a solar phenomenon, A brief historical statement of the different 
hypotheses that have been advanced in connexion with this subject may 
not, perhaps, prove uninteresting to the reader. 

. Various explanations of tho luminous ring have been advanced in ac- 
cordance with the Supposition of its being an appendage of the moon. 
The earliest is that which ascribes it to the influence of a lunar atmo- 
sphere. It was first suggested by Kepler, as a probable mode of ac- 
counting for the phenomenon. He conjectured {that the rays of 
light proceeding from the sun to the earth, might be refracted in passing 
through the moon's atmosphere, and might thereby occasion an appearance 
resembling the luminous ring {. This view of the origin of the pheno- 
Menon was regarded with favour by Halley, although at the same time 
he admitted that it could not be considered as fully established. If the 
ring was due to the existence of a lunar attnosphere, it ought invariably 
to appear concentric with the moon. On the other hand, if it arose 
from the presence of an atmosphere about the sun, it could only surround 
the moon equably at the instant when the centres of the two bodies were 
in conjunction. ‘In the latter case, it is manifest that the ring ougkt to 
appear broadest first at the point where the sun had just disappeared 
behind the moon’s limb, and afterwards at the opposite point where he 
was about to emerge. It is easy to see, therefore, that observations on 
the position of the ring during an eclipse, if executed with precision, might 
afford a valuable criterion for deciding the question, whether the ring was an 
appendage of the sun or moon. All such observations have, however, been 
hitherto so vague and contradictory, that no reliable conclusion can be 
deduced from them. The ring fades off so imperceptibly from the moon’s 
limb, that the establishment, beyond all doubt, of a variation in its breadth 
during the passage of the moon across the solar disk, if even such a varia- 
tion existed, would seem to be impracticable. In some instances4t hag 
been affirmed that the ting appeared concentric with the moon, while in 
others it has been maintained with equal confidence, that it was concentric 
with the sun. The observations in general are decidedly more favourable 
to the supposition of the ring being concentric with the sun, than to its 
holding a similar relation with respect to the moon$. But indeed it is 

* Mem. Ast. Soc., vol, xv, p. 16, 

+ Gior. dell’ Ist. del Lomb., tom. iv., p. 306. 

$ Ad Vitellionem Paralipomena, p. 802 ; Epitome Astronomiz, p- 893, 

§ Halley, while inclined to suppose that the luminous ting which appeared during the 
total eclipse of 1715, arose from t @ presence of an atmosphere about the moon, did not 
deny at the same time, that some persons found the ring to increase in breadth as the 
emersion approached, « This circumstance,” says he, « together ¢@ the contrary sen. 
timents of those whose Judgment I shall always revere, makes me less confident” (Phil, 
Trans. 1715, p. 249). Tt is not improbable that Halley here alludes to the illustrious 
Newton, with whom he lived on terms of intimate friendship, 
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evident, from a multitude of other considerations, that the moon does not 
possess an atmosphere so extensive as that which the ring would assign to 
her. Assuming the ring which was visible during the total eclipse of 1806 
to be really due to such a cause, Yerrer calculated, from the apparent 
breadth of the ring, that the atmosphere must have attained an clevation 
of 848 miles above the moon's surface, whence it would seem to be filly 
times more extensive than the earth’s atmosphere. He remarked, however, 
that the refraction of the lunar atmosphere, as indicated by observations of 
ocvultations and eclipses, is so small, as to prove, beyond all doubt, that its 
dousity is 1980 times less than the density of the terrestrial atmosphere * 
The observations of the total eclipse of 1842, tend also to shew that if a 
lunar atmosphere really exist, its effects are totally inappreciable }. Tt is 
impossible, therefore, to avoid the conelusion that the luminous ring 
cannot proceed from such a cause. 

Vinding that the hypothesis of a lunar atmosphere was incapable of ac- 
counting for the phenomenon of the luminous ring, La Hire suggested, 
that it might be produced by the reflexion of the solar rays from the in- 
equalities of the moon's surface contiguous to the edge of her disk, com~ 
bined with their subsequent passage through the terrestrial atmosphere. 
In order to obtain an experimental illustration of this view of the origin 
of the ring, he took a round unpolished stone of a yellowish colour, which 
was about two inches in diameter; and having suspended it in the air, at 
the window of his chamber, so as to appear in the direction of the sun, he 
retired within the chamber, keeping his eye in the centre of the shadow, 
until the stone covered the sun and extended a little beyond it. Ob- 
serving the stone at this distance, he perceived around it a bright 
margin of light which he ascribed to the reflexion of the solar 
rays from the asperities of its edge, and upon the same principle 
he asserted that the luminous ring which appeared around the moon 
during a total eclipse of the sun, might be accounted for}. Delisle, how- 
ever remarked, as a proof of the fallacy of this explanation, that the same 
appearance would be producéd if the stoue was perfectly smooth, nay, he 
even asserted, that if instead of the stone, a piece of black pasteboard, cut 
out into any shape approaching to a circle was employed, there would ap- 
pear a similar line of light around its edges. It was clear, therefore, that 
the hypothesis of La Lire was untenable. 

Delisle was the first who conjectured that the luminous ring might bo 
occasioned by the diffraction of the solar rays which passed near the 
moon's edge. He exhibited an illustration of the effect so produced by 

* Trans, Amer. Phil, Soe., vol. vi., p. 274. 

+ Louville has stated, that at London, during the progress of the total eclipse of 1715, 
the part of the solar disk contiguous to the eastern limb of the moon appeared to grow 
continually paler, so as to announce beforehand that it was about to be eclipsed (Mém. 
Acad. des Sciences, 1715, p. 94). This cireumstance was considered by him to afford a 
very convincing proof of the existence.of an atmosphere about the moon. It is to be re- 
marked, however, that modern observations of eclipses have not indicated the slightest trace 
of a phenomenon analogous to that which Louville asserts to have noticed. The luminous 
ridges termed facule, which occasionally appear on the surface of the sun, are especially 
favourable for such observations, on account of their uniform aspect, and the consequent 
case with which any variation in their brightness, resulting from the interposition of the 
lunar atmosphere, or any change in their form due to the refraction of the solar rays in 
passing through it, might be detected; but although M. Arago and his colleagues watched 
several of such ridges with great attention during the progress of the total eclipse of 


J 42, they were unable to discern the slightest change in their appearance as they ap- 
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admitting the sun's light through a very small aperture into a dark room, 
and then receiving the cone of light thus formed upon a metal disk of some- 
what larger dimensions than the circular section of the cone. Upon then 
viewing the metal disk from behind, either with the naked eye or with a 
small telescope, he perceived around it a bright margin of light, exactly 
resembling that which was visible in the experiment of La Hire * 

The explanation of the luminous ring proposed by Delisle has been 
favourably received by several cnquivers in recent times, but the attempts 
to obtain an experimental illustration of it have not been attended with 
uniform success. In some instances the sum was artificially eclipsed by 
placing an opaque disk at the focus of the telescope; but no appearance 
resembling the luminous ring was discernible around the edge of the 
disk. In 1846 Prof. Powell communicated to the Astronomical So- 
ciety, a paper containing an account of a serics of experiments excented 
by him, with the view of clucidating this interesting subject}. He as- 
cribes the failure of some of the previous experiments of the same nature 
to the circumstance that the origin of light which was situate in the focus 
of the telescope was made to coincide with the opaque disk eclipsing it, 
whereas, in all cases of diffraction it isan indispensable condition that 
the intercepting body should be at some distance from the origin of light. 
Before proceeding to describe his own attempts to produce the pheno- 
menon of the luminous ring, he remarks that in all those experiments 
which have for their object the exhibition of the ordinary diffractive fringes, 
it is essentially necessary, in the first place, that the origin of light be a 
point, or as nearly as possible so; and, secondly, that the area of the 
diverging rays extend beyond the edge of the opaque diffracting body f. 
Having admitted the sun’s light through a series of apertures varying 
from #,, to 4 of an inch in diameter, he found that the fringes ceased to 
bo distinctly visible when the diameter exceeded 4 of an inch. Moreover, 
he remarked, that in all such experiments the fringes could only be seen 
divectly, as forming an optical image in the air, which was magnified by 
an eye-lens. 

A phenomenon of a different kind was, however, perceptible, which 
continued to be discerned even when the conditions of the experiment 
were esentially varied. When a circular disk was employed to intercept 
the light, it was seen with the naked eye, or in a telescope, at a distance, 
bordered by a luminous ring, even in those cases wherein the diameter of 
the aperture exceeded } of an inch, and whether the area of the rays fell 
without or within the opaque disk. 1t was found also, that although the 
ring was distinctly visible with the telescope when in focus for the opaque 
disk, it could not be seen with the eye-lens. Upon this ground Prof. 
Powell concludes that the phenomenon of the ring is not an optical 
image like that formed by the diffractive fringes, and, therefore, that it 
cannot be ascribed to the principle of diffraction, at least when considered 
according to the usual acceptation of the term. 

Prof. Powell found that the ring ceased to be discermible when 
the area of the rays fell short of $ of the diameter of the diffracting 
disk, and that it increased in breadth as the area approached to an equa- 











* Mém. Acad. des Sciences, 1715, p. 166, et seq. 

+ Mem. Ast. Soc. vol. xvi., p. 301, et seq. 

+ It.was in consequence of employing too large an aperture that Mariotte failed 
to verify the experiment of Grimaldi, and was hence led to doubt the reality of the 
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lity with the disk. When the area of the rays was not concentric with 
the disk, the luminous ring appeared broadest at the part where the rays 
approached nearest the edge of the disk. 

‘{n order to establish the experiment more fully, the ring was examined 
in a telescope with a magnifying power of 20, furnished with cross wires 
in its focus. Before the light was allowed to fall upon the opaque disk, 
the edge of the latter was made to coincide with the intersection of the 
wires; but as soon as the light was admitted through the aperture, the 
ring was scen eatending sensibly beyond. The intersection of the wires 
was now made to coincide with the outer edge of the ring, and upon the 
exclusion of the light the disk was seen to have fallen sensibly within, 

When the aperture of the telescope was diminished to 4 of an inch, the 
ring still continued to be distinctly seen, but the diffraction produced by 
the contraction of the aperture now caused the fringes to be also visible. 

According to Prof. Powell, the colour of the ring was yellowish. There 
also appeared a faint bluish light extending within the dark circular area 
encompassed by it. : 

The circumstances of the above-mentioned experiment, abstractedly con- 
sidered, bear a considerable resemblance to those which determine the ap- 
pearance of the luminous ring around the moon during a total eclipse of 
the sun. Moreover, the restlts may be said also to agree in their main 
features. It would scem, therefore, not improbable, that they are attri- 
butable to the same physical cause. This conclusion, however, has been 
objected to, on the ground of the resemblance between the natural and 
artificial eclipses not being sufficiently perfect, since, in the case of the arti- 
ficial eclipso, the diffracting body is surrounded by a medium possessing a 
considerable power of reflecting the solar light. Again, it has been re- 
marked by Sir David Brewster, that in all experiments similar to those 
above alluded to, the breadth of the ring is totally independent of the 
magnitude of the diffracting body, and therefore the unavoidable con- 
clusion is, that in the case of the natural eclipse, the ring would be 
utterly invisible on account of the comparatively immense distance of 
the moon from the carth**. This must be considered as a fatal objection 
to the xbove explanation, if the principle upon which it is founded be 
admitted to be true. But besides, the diffraction theory is incapable of 
offering any account whatever of many of the subordinate features of 
the ring, and therefore upon this ground alone, it cannot be considered 
as affording a fuithful representation of the phenomenon. 

While some persons have sought to explain the luminous ring, by as- 
suming it to be an appendage of the moon, others have endeavoured to 
effect the same object by referring its origin to the sun. It has been 
already mentioned that the illustrious Kepler, who had the merit of first 
directing the attention of astronomers to the ring, suggested that it might 
arise from tho refraction of the lumar atmosphere. Another hypothesis 
advanced by him, as probably involving the true explanation of the pheno- 
menon was to the effect that it was occasioned by the combustion of the 
ether in immediate contact with the sun}. It cannot be denied that, at 

* Brewster's Edin. Encyclop., Art. “Astronomy.” ; 

+ Ad Vitellionem Paralipomena, p. 301; Epitome Astronomim, p. 893, In order 
to account for the circumstance of the darkness not being equally intense during all fota? 


eclipses of the sun, Kepler imagined the ether to be sometimes very dense, and therefore 
sil 


inflamed; while, on the contrary, at other times being very rare and limpid, it was 
> affected by the action of the solar rays. In his explanation of this hypo- 
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first sight this explanation appears very plausible, but it is to be remarked 
that the principle of an ethereal fluid pervading the celestial regions, upon 
which it is founded, is unsupported by any positive evidence of a trust- 
worthy character, and therefore it cannot be viewed in any other light than 
as a gratuitous assumption. 

Other persons have sought an explanation of the luminous ring in the 
zodiacal light. It is to be remarked respecting this appendage of the sun, 
that it does not encompass his disk symmetrically, being somewhat elon- 
gated in the direction of the ecliptic. Dominic Cassini, to whom its dis- 
covery is due, remarked, that if it were palpably visible, it would probably | 
appear as a faint chevelwre about the sun*. Some slight traces of an elonga- 
tion of the luminous ring which appears around the moon during a total 
eclipse of the sun, have led to the surmise that it may possibly be no 
other than the zodiacal light. In the vast majority of cases, however, 
the ring has been found to be quite circular; and even in those cases 
wherein luminous expansions have been observed at opposite extremities 
of a diameter of the ring, the elongation resulting therefrom does not take 
place in the direction of the ecliptic. 

The most probable explanation of the luminous ring is that according 
‘to which it arises from the presence of an atmosphere about the sun. Its 
round figure, its nebulous structure, and its gradually-diminishing density 
outwards, are all favourable to the supposition of its being due to an clastic 
fluid encompassing the solar orb, and gravitating everywhere towards its 
centre, It is true that precisely similar results would ensue from the 
existence of an atmosphere about the moon; but, in fact, there is no reason. 
to suppose that the moon possesses au atmosphere capable of producing 
an appreciable effect. On the other hand, the hypothesis of a solar atmo- 
sphere is not gnly warranted by the analogy of the other bodies of the 
planetary system, but is also supported by evidence of a positive nature 
derived from observations on the physical constitution of the sun. ‘lhe 
changes presented by that body when viewed in the telescope can only be 
consistently accounted for by the supposition of two dissimilar envelopes 
of matter suspended in a transparent atmosphere at different altitudes 
above his surface. That such a circumambient fluid really exists is 
shewn most unequivocally by the gradual diminution of the brightness of 
the solar disk towards the margin. With respect to this fact, Mr. Airy 
states it is so palpable to observation, that when in the course of his ex- 
periments he had occasion to throw a portion of the sun's disk upon a small 
screen, he was always able to determine whether the limb was approaching 
the edge of the fully-illuminated screen simply by the change of the inten- 


pears to contain the germ of the discovery of the diffraction of light usually ascribed 
to Grimaldi. Having inserted two small apertures in the window ofa dark chamber, one 
of which was about the size of a grain of miilet, and the other equal in magnitude to a pea, 
he drew two circles upon a screen placed opposite, the diameters of which bore the same. 
proportion to each other as those of the apertures. The light of the sun being then ad~ 
mitted through the larger aperture, depicted an image on the sereen which exactly coin- 
cided with the larger circle; but when this aperture was closed, and the light was admitted 
through the smaller one, the image was no longer well defined, its margin was somewhat 
dusky, and finally it surpassed in magnitude the smaller circle. 

* Cassini first began to see the zodiacal light in March, 1683; and in the Journal des 
Savans for June of the same year, he made the remark alluded to in the text. For an 
account of the observations (extending over several years) by means of which he defi- 
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sity of illumination*. Now it is very manifest that the presence of an 
atmosphere about the sun would occasion a variation in the brightness of 
his tlisk similar to that above alluded to, since the rays emanating from the 
edge, by reason of their obliquity, would pass through a greater depth of the 
elastic fluid, and therefore would undergo a more considerable absorption 
than those proeceding from the regions nearer his centre. Again, it is to 
be remarked, that there are not, as in the ease of the moon, any facts at 
variance with the supposition of an atmosphere about the sun, so extensive 
as that which the luminous ring would seem to indicate. Moreover, the 
hypothesis of a solar atmosphere adapts itself to the modifying phenomena 
by which the ring is occasionally characterised, with greater facility than 
any other. Thus what can be more natural than the conclusion that the 
relish macule observed during the total eclipses of 1733 and 1842 
were clouds suspended in the solar atmosphere ? These phenomena are 
so intimately connected with the question relative to the existence of the 
luminous ring, that it will be desirable to present the reader with a 
detailed account of the more prominent features by which they were dis- 
tinguished. 

With respect to the spots which appeared during the total eclipse of 
1783, Vassenius gives the following description of them in a short paper 
on the eclipse which he transmitted to the Royal Society of London: 
‘But what seemed in the highest degree worthy not merely of the admira- 
tion, but also of the attention of the illustrious Royal Society, were some 
reddish spots which appeared in the lunar atmosphere without the periphery 
of the moon's disk, amounting to three or four in number, one of which 
was larger than the others, and occupied a situation about midway be- 
tween the south and west. These spots seemed in each instance to be 
composed of three smaller parts or cloudy patches of unequal length, 
shaving a certain degree of obliquity to the periphery of the moon. Havin: 
directed the attention of my companion to the phenomenon, who had the 
eyes of a lynx, I drew a sketch of its aspect. But while he, not being 
accustomed to the use of the telescope, was unable to find the moon; I 
again, with great delight, perceived the same spot, or, if you choose, rather 
the invariable cloud cecupying its former situation in the atmosphere near 
the moon's periphery.” He adds, that he continued to observe the phe- 
nomenon for the space of 41) seconds, until it finally vanished with the 
appearance of the first rays of the sun +. 

Vassenius, in the foregoing account, assumes without hesitation, that 
the luminous ring arises from the existence of a lunar atmosphere. His 
interesting statement respecting the reddish spots which he perceived in 
it, is corroborated by the pastor of Marstroom, who appears also to have 
- witnessed a similar phenomenou. ‘lhe following: are the terms in which 
Celsius, while citing the observation of Vassenius, alludes to its confirma- 
tion’ by that individual :—« Iu the luminous ring itself, he (Vassenius) 

perceived three or four lucid macula of unequal form and magnitude 
near the lunar periphery, but still not adhering to it. He also affirms, 
that at Marstroom, M. Brag, the pastor of the place, also saw the same 


macule near the moon's limb, through an English telescope of excellent 
construction.” t 


* Mom. Ast. Soe.. vol. xv. n, J]. + Phil TPeane 7297299 n 185 
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It is probably a similar phenomenon which is alluded to by Sueblius, 
another Swedish pastor residing at Calmaria on the Baltic Sea, In his 
account of the same eclipse, he states that, “on the right of the sun 
towards the north, he perceived two lucid streaks parallel to each other 
and inclined to the horizon.” * 

The following is a description, by M. Mauvais, of the phenomena of 
a similar nature which appeared during the total eclipse of 1842, as 
they were seen by him at Perpignan. 

© A few seconds after the total obscuration, while attempting to deter- 
mine the breadth of the ring, I perceived a reddish point at the inferior 
limb of the moon, which did not, however, project: sensibly. When jifty-sia 
seconds had elapsed from the total obscuration, the reddish point of which 
I have been speaking transformed itself into two protuberances, similar to 
two contiguous mountains, perfectly well defined. They were not of a 
uniform colour; upon their flanks were seen streaks of a deeper tint. I 
cannot give a more exact idea of their aspect than by comparing them to 
the peaks of the Alps illuminated by the setting sun and seen afar off. 
One minute and ten seconds had elapsed from the total obscuration, when 
a third mountain was perceived to the left of the two otbers. It exhibited 
the same aspect as far as regards colour. It was flanked by some smaller 
peaks, but all were perfectly well defined. 

“ While this third mountain was in the process of issuing forth, the 
first two continued all the while to increase. They attained a height 
which, according to my estimation, subtended an angle of about 2’. 

“ The interval between, the two groups appeared to embrace an arc of 
about 25° upon the moon’s limb. ‘The most considerable group, the most 
western in appearance, seemed to me to be a few degrees to the left of the 
lowest point of the lunar disk.” + 

M. Mayette, a captain of the French Lingineers, who also observed the 
eclipse at Perpignan, compared the protuberances to beautiful sheaves of 
flames. He states, that he continued to see the most northern sheaf a 
few seconds after the emersion of the sun. . 

M. Petit states, that at Montpellier the two inferior points first ap- 
peared, the more western before the other. They gradually but rapidly 
increased in magnitude, as welJ-defined objects would have done, emerging 
from behind the lunar disk. By actual measurement M. Petit obtained 
1 48” for the angular magnitude of the largest of the Juminous protu- 
berances. 

At Toulon, which was near the southern limit of the lunar shadow, 
Captain Bérard, of the French Marine, remarked that, during the interval 
of total obscuration, there was seen beyond the moon’s limb, near the 
region where the sun was about to emerge, a very slender red band, 
irregularly indented, or as it were furrowed here and there with hollows, 

M. Flaguergues, who observed the eclipse at the same.place, remarked, 

. : pa 
upon the statement of Vassenius, inasmuch as it represents the spots to be in contact with 
the moon’s limb, it may be desirable to give the precise words in which it is expressed in 
the original by Celsius, which are to the following effect :—* Has etiam maculas Marstrandii 
per Anglicanum optima note telescopium juzta lune Kmbum perceptas esse refert a pas- 
tore loci Dn. Brag.” It is clear from the words in italics (which however are not marked 
so in the original) that the observation of M. Brag, so far from contradicting that of Vas- 
senius, affords a most satisfactory confirmation of it. 

* Acta Lit. et Scien. Suec., tom. iv., p. 63. 
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that previous to the reappearance of the sun, he perceived first one lu- 
minous point, then a second, and soon afterwards a third, all visible in the 
region where the sum was about to emerge. 

M. Valz thus describes the appearance presented at Marseilles during 
the totality of the eclipse. ‘“ Forty seconds previous to the end of the 
total obscuration, I perceived near the part of the moon’s limb where I 
expected the sun to reappear, two points near each other of very great 
brilliancy, more brilliant even than stars of the first magnitude. Their 
light was white like that of the sun. There was seen issuing from each of 
these points a train of light resembling that which is perceived in a dark 
room, into which the soler light penetrates through an aperture, but only 
more divergent; and coinciding in direction with the rays issuing from the 
luminous ring. . . . Tifteen seconds afterwards, a third brilliant 
point appeared, more to the north, accompanied also with a diverging 
train of light, and contributing to form a portion of the radial glory of the 
ting.” M. Valz, who supposed that the luminous points perceived by him 
were situate a little within the margin of the lunar disk, was under the im- 
pression that they werg occasioned by the sun shining through deep 
valleys on the moon’s surface, which in each instance appeared to be 
closed at the top, by the projection of onc of the sloping sides of the valley 
upon the opposite side, He states, that according to the relative move- 
ment of the sun and moon, the first luminous points were situate about 
20” within the moon’s border. 

At Visan, which was situate close to the northern limit of the lunar 

shadow, M. Guerin perceived, immediately after the total obscuration, 
seven or eight very distinct indentations, which might have been taken for 
so many stars of different magnitudes. They were redder but less bril- 
liant than Mars. If the whole periphery of the lunar disk had been bor- 
dered with similar luminous points, it would have presented the appear- 
ance of a bow of ebony garnished with rubies. 
« At Digne, M. Eugene Bouvard perceived to brushes of light at the 
lower part of the moon's limb, They were formed of rays of a beautiful 
red mingled with some rays of orange colour. They gradually became 
broader and fainter as they receded from the moon’s limb*, 

The accounts respecting the appearance presented by the luminous pro- 
tuberances in Italy, do not differ materially from those of the French 
observers. Mr. Airy remarked, that in form they somewhat resembled 
saw tecth in the position proper for a circular saw, inclined in the same 
direction as that in which the hands of a watch turn. Their height was at 
least equal to a fourth of the breadth of the ring, or 1+. 

According to Mr. Baily, the luminous protuberances had the appear- 
ance of mountains of a prodigious elevation. Their colour was red, tinged 
with lilac or purple. “ Perhaps,” says he, “the colour of the peach blossom 
would more nearly represent their aspect.” They somewhat resem- 
bled the gnowy tops of the Alpine mountains when coloured by the 
rising or setting sun. ‘Their light was perfectly steady, having nothing 
ef the flickering appeardnce observable in the corona. The most con- 
siderable was bifurcated down to its base, insomuch that one might have 
said, there were two protuberances, the one being projected upon the 
other f. 
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At several of the stations in Lombardy, where the eclipse was observed, 
only two protuberances were visible. 

Sig. Santini states, that at Padua, the luminous protuberances pre- 
sented the appearance of irregular columns of smoke, undulating upon 
broad bases, and seeming to ascend from behind the body of the moon *. 

Sig. Biela, who observed the eclipse at the same city, states, that there 
appeared at the lower part of the moon’s limb, three pyramids of a dark 
reddish colour, resembling burning coal, or rather approaching to the 
colour of purple. Two of these pyramids were near each other; the 
third, which was the lgrgest, was more to the left, but still was to the 
right of the point at which the sun was about to reappear. The light of 
the sun first appeared in isolated points, which in a few instants united 
together, and formed an excessively slender lunule. The lunule had already 
been formed a few seconds, when the reddish pyramids disappeared {. 

The following interesting account of the luminous protuberances is given 
by M. Littrow of Vienne. 

“ Shortly after the formation of the ring there appeared luminous spots 
in several points of the contour of our satellite ‘Three of these spots 
were particularly remarkable. Their colour was red with a tinge of blue. 
They very much resembled the summits of the glaciers gilded by the 
rising or setting sun; only they did not terminate in peaks. The largest 
spot was about 5’ in height, and was about 2’ broad at its base. Their as- 
pect, which was first white, changed to rose colour and then to violet; and 
afterwards passed in a reverse order through the same tints. . . . The 
protuberances were visible before they assumed a coloured hute, and they 
continued to be visible after their colour was dissipated.” 

M. Otto Struve has stated, that at Lipésk, a little before the reappear- 
ance of the sun, M. Schidlowsky perceived several rose-coloured flames 
which appeared suddenly to burst out at several parts of the lunar disk. 
They resembled mountains, whose height, by estimation, appeared to be 
about 2’. A very large part of the lunar disk was garnished with a similad 
reddish bordering. M. Schidlowsky was unable to examine the entire 
contour of the moon, for soon after he observed the phenomenon, the 
sun reappeared. 

‘The first question which naturally suggests itself upon the perusal of 
the foregoing statements is this—do the luminous protuberances noticed 
by the various observers belong to the sun or to the moon? Admitting 
that they were appendages of the moon, they may be conceived as repre- 
senting either mountains on her surface or clouds suspended in her atmo- 
sphere. To adopt the former of these explanations, however, would be 
assigning to the Junar surface inequalities, vastly exceeding those dedu- 
cible from other phenomena of a less doubtful nature. Nor is the sup- 
position of a meteorological origin more probable, since it appeats from a 
multitude of considerations that if an atmosphere really exist about the 
moon, it is utterly incapable of holding in suspenston clouds of such 
enormous magnitude as the apparent dimensions of the protuberances 
would indicate. The conclusion, therefore, seenis to be unavoidable, that 
whatever be the real nature of the phenomena, they cannot be referable to 
the moon. 

But, on the other hand, if they be admitted to be clouds suspended in 


* Giornale dell’ J, R. Istituto del Lombardo, tom. iv., p. 378 
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the solar atmosphere, the explanation of the various facts relating to them 
becomes more consistent and probable. . 

1°. That they are solar and not lunar phenomena is evident from their 
being invisible for some time after the total obscuration, as well as from 
their appearance as luminous points, and their subsequent gradual increase 
of magnitude. All these facts are stated with great precision by M. 
Mauvais. They are the results which would obviously follow from the 
contiguity of the protuberances to the sun at the upper and western part 
of the limb, and their gradual disclosure by the motion of the moon 
towards the east. The last-mentioned fact of the protuberances being 
gradually brought into view by the motion of the moon over the sun's disk 
is distinctly asserted by M. Petit as having been very palpable to ob- 
servation *, 

2°. Near the southern limit of the lunar shadow the moon would project 
considerably beyond the superior part of the sun’s limb, and therefore it 
might be expected that the large protuberances seen elsewhere would con- 
tinue to be almost totally concealed, so as to appear only as luminous 
points. This circumstance would prevent them from attracting more 
peculiarly the attention of the observer, who might consequently be led to 
discover similar points of equal minuteness, which might otherwise have 
escaped his notice. ‘Che truth of this remark will be more apparent to 
thé reader when he takes into consideration the extreme shortness of the 
interval of total obscuration, even at those places that were situate in the 
very centre of the shadow, and the variety of circumstances which call for 
the vigilant attention of the observer during the lapse of that interval. 
The phenomena observed at Toulon, which was situate only a short dis- 
tance within the south boundary of the shadow, is quite consistent with the 
above conclusion. 

8°. Towards the northern limit of the shadow, where the moon pro- 
jected only in a small degree over the superior part of the sun's limb, it 
might be expected that the protuberances would become visible imme- 
diately after the commencement of the total obscuration. This circum- 
stance actually occurred at Visan, as has been already mentioned. It is 
difficult, however, to account for the sniallness of the angular dimensions 
under which the protuberances appeared at that place. Perhaps it arose 
from the shortness of the interval of total obscuration, not allowing the 
eyo sufficient time to recover from the dazzling effect of the sun’s light, 
so ag to take due advantage of the obscurity which actually prevails. We 
have seen that the nonvisibility of the stars of the second magnitude during 
the total obscuration has been referred with great probability to the same 
cause. : 

Admitting, then, that the phenomena had an intimate connexion with 
the sun, there are varivus facts which render the supposition of their 
meteorological origin extremely probable. 

1°. Thg reddish galour of the light emitted by them indicates that they 
possess the property of absorbing in a great degree all the rays of the. 


* It is not to be denied that the size which the protuberances ultimately acquired, when 
taken into consideration with the fact of their first appearance after the total obscuration, 
as mere luminous points, considerably exceeds that which this explanation of their appa- 
yent growth would assign to them. It is to be remarked, however, that when they first 
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spectrum, except the red, as in the case of the terrestrial clouds when 
they are seen illuminated by the sun after his disappearance under the 
horizon. 

2°. "The radial appearance which the protuberances exhibited to M. 
Tiugene Bouvard can only be explained by the supposition of the rays of 
the sun forcing their way through the interstices of the clouds contiguous 
to his duminous surface, and illuminating the particles of the solar atmo- 
sphere situate beyond in the line of their emanation. So also with respect 
to the luminous points observed by M. Valz, it is impossible otherwise to 
account for the constant emanation of the rays outwards in a direction 
normal to the moon’s limb. 

3°. The zone of a deep red colour observed at Toulon towards the part 
of the moon's limb where the sun was about to emerge, clearly indicates 
the accumulation of nebulous matter in the lower regions of the solar 
atmosphere, as well as the condensation of the circumambient fluid of 
which the latter is composed, towards the surface of the sun, arisixig from 
the pressure of the superincumbent strata. - 

The indications of a solar atmosphere afforded: by phenomena bearing 
a strong resemblance to clouds and nebulous strata, as well as by the ap- 
pearance of rays in a direction normal to the sun's limb*, although 
chiefly conspicuous during the total eclipses of 1733 and 1842, have pre- 
sented themselves on numerous other occasions in a greater or less de- 
gree of developement. As this is a point of considerable importance in 
the question relative to the physical constitution of the sun, it perhaps 
may not be out of place ‘to give a brief statement of all those observations 
which tend more especially to illustrate it. 

Captain Stannyan, who observed the total eclipse of 1706 at Berne, 
states, that the emersion of the sun was preceded by « blood-red streak of 
light from its left limb, which continued not longer than six or seven 
seconds of time f. : 

A similar phenomenon was remarked by both Halley and Louville on 
the occasion of the total eclipse of 1715. Halley, in his account of the 
eclipse, states, that about two or three seconds before the emersion, a long 
and very narrow streak of a dusky but strony red light, seemed to colour 
the dark edge of the moon on the western side where the sun was just 
coming out}. Louville states that. towards the end of the total ob- 
scuration, there was seen about the moon’s limb, at the place where the 
sun was about to emerge, an are of a deep red colour. In order to obtain 
an assurance that the phenomenon was not due to the aberration of the 
telescope, he took the precaution of viewing it through the very centre 
of the object-glass, when he found that it exhibited the same colour as 
before §. . 

Don Ulloa, in his account of the total eclipse of 1778, speaks of a point 
of red light which appeared on the edge of the moon’s disk near the place 
where the sun was about to emerge. It first became visible about a 
minute and a quarter before the reappearance of the sun. It then 


* It has been mentioned in the account of the appearance presented by the luminous 
ring during the total eclipse of 1783, that there wei seen emanating from it rays of 
unequal length, which constantly maintained the seme position. This description is 
clearly at variance with the supposition of the phenomenon being due to the irregular 
scintillation of a luminous object. 

+ Phil. Trans... 1706. vn. 9940. tS ee DO OTL 
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equalled a star of the fourth magnitude, but it gradually became larger. 
When it attained the size of a star of the second magnitude, the edge of 
the sun emerged from behind the moon, and it then ceased to be visible. 
He remarks that it appearcd so near the edge of the moon as to leave no 
doubt of its belonging to the body of the sun*. le, in fact, supposed the 
phenomenon to arise from the sun being visible through @ hole in the 
body of the moon. There can be no doubt, however, when we take into 
consideration the contiguity of the luminous point to the edge of the 
lunar disk, as well as its deep red colour and: its gradual increase of 
apparent magnitude, that it was exactly of the same nature with those 
luminous points that were seen at several places during the total eclipse 
of 1842. 

With respect to the total eclipse of 1806, Ferrer remarks that, a few * 
seconds before the emersion of the sun, he observed @ zone to issue con- 
centric with the sun, similar to the appearance of a cloud illuminated ly 
the soar rays +. 

It has been mentioned that, during the total eclipse of 1842, there was 
seen at Toulon a band of red light around a portion of the moon's limb. 
The following observations of the same eclipse afford evidence of a 
similar phenomenon. 

Signor Santini states, that while engaged in watching the last fragment 

.of the solar light, in order to determine the instant of total immersion, 
there appeared on the right as well as on the left several luninous streaks 
separated by obscure and even absolutely dark tntervals, which vanished a 
little before the immersion of the last point of the solar disk f. 

Signor Conti mentions in his account of the eclipse, that, previous to 
the emersion of the sun, there appeared a reddish arc of light on the right 
side of the lunar disk. When it became a little brighter, he perceived 
another vivid light separated from the former by a dark interval, The 
Phenomenon was visible only for a short time§. 

* Sig. Pietropoli, who also observed the eclipse at Padua, states that pre- 
vious to the total immersion, he perceived below to the right two very 
beautiful patches of light 

Sig. Radman, another observer at Padua, appears to have witnessed the 
phenomenon both before and after the total obscuration. He asserts 
that no sooner was the sun totally obscured, than there appeared a very 
slender streak of a reddish light, sarrownding somewhat less than half the 
circumference of the moon, disposed equally on each side of the place 
where the las€ ray of the sun was extinguished. He adds, that it soon 
yanished, but that it reappeared at the instant of the emersion of the 
sun 7. ° : 

M. Schumacher thus deseribes the appearance presented by the moon's 
limb immediately previous to the termination of the totality of the eclipse. 
‘CA little beforo the emersion of the sun, there appeared near that part 

* Phil; Trans., 779, p. 110. 

+ Trans. Amer. Phil. Soc., vol. vi., p. 274. The following account of this phenomenon 
is given by Mr. Garnett, who assisted Ferrer in his observations. Before the end of the 
total eclipse, the west limb of tg moon begun to be illuminated, and the light increased 
sorrapidly, that I et last mistook it for the sun’s egress, and called the time to Mr. Ferrer; 
but he saw the error, and still kept his eye to the glass, when the first solar ray nearly 
blinded him.” Titloch's Journal of Natural Philosophy, vol. xix., p. 322, 
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of the lunar disk from behind which the first ray of light was about to 
issue, @ narrow streak of rose-coloured ved light, which extended, perhaps, 
over an are of 70° or 80° along the moon's limb, and which disappeared 
with the luminous ring and the rose-coloured mountains as soon as the 
first ray of the sun darted forth *. 

M. Otto Struve was under the impression that, immediately before the 
disappearance of the sun, he perceived @ red streak of light along the 
moon’s limb, about 45° from ithe point where the total immersion took 

lace +. 

# The radial appearance noticed during the total eclipse of 1842, imme- 
diately before and after the complete obscuration, is also a phenomenon 
which obviously indicates the existence of a solar atmosphere. Thus, in 
the description of the eclipse ascribed to Mrs. Airy, itis affirmed, that with 
respect to the place where the sun had gone in, and that where he was 
about to emerge, the light came out successively like little beams from the 
moon's edyet. Moreover, it is stated that the light of the rihg did not 
present any remarkable change until the little flame-coloured beams shot 
out for a few seconds before the reappearance. "‘ This emanation of red rays 
in a direction perpendicular to the moon’s limb, ¢an only be accounted for 
by supposing the rays of the sun to be obstructed in their progress out- 
wards, by a dense atmosphere enveloping the solar surface and exercising 
an influence on the primitive rays of the spectrum similar to that pro- 
duced by the terrestrial atmosphere. 

The accounts respecting annular eclipses are not wanting in allusions 
to phenomena indicative of a solar atmosphere, analogous to those which 
have been already noticed. A brief review of those which more especially 
bear on the subject, cannot fail to prove interesting to the reader. 

Maclaurin, in his account of the annular eclipse of 1737, states that a 
little before the formation of the ring, a remarkable point or speck of 
pale light appeared near the middle of the part of the moon’s limb tltat 
was not yet come upon the disk of the sun, and that a gleam of light more" 
faint than this light seemed to be extended from it to each horn. This 
phenomenon was seen about fifteen seconds previous to the projection of 
the whole body of the moon upon the solar disk §. 

Maclaurin also states that Lord Aberdour, who observed the same 
eclipse, remarked that a narrow streak of a dusky red light coloured the 
dark edge of the moon, immediately before the ring was completed, and 
after it was dissolved |}. 

Van Swinden, in his account of the annular eclipse of September 7, 
1820, as observed by him at Amsterdam, states that just before’ the 
annulus was formed, he perceived above the yet immersed limb Of the 
sun, a very small arch of light, which was no part of the solar disk. He 
also adds that the space between it and the moon’s dark limb was ‘not 
illuminated. It might have been compared, as to eolour and appearance, 
with the end of the flame of an argand lamp pfojecting beyond the 


chimney or glass tube #. < 
Pe 2: 
* Annuaire, 1846, p. 437. * + Ibid., p. 437. x Ad 
+ Mem, Ast. Soc., vol. xv., p. 16. ? 
§ Phil. Trans., 1737, p. 181. i Ibid., p. 182. 


| Mem, Ast. Soc, vol. i., p. 145. Yan Swinden mentions, in the account of his 
observations, that during the anaular eclipse of 1764, a similar are of faint light was seen 
around the moon’s limb at Toulouse, by M, Darquier. 


398 HISTORY OF PHYSICAL ASTRONOMY, 
> 


The late Mr. Henderson, who observed the annular eclipse of May 15, 
1836, at Edinburgh, states, in an account of his observations of the 
phenomenon, that, previous to the formation of the annulus, when the 
cusps were about 80° or 40° from each other, an are of faint reddish 
light was seen extending between them. This appearance lasted several 
seconds *, 

The observations made in the United States of America during the 
annular eclipse of February 10, 1838, furnish additional illustrations of 
the same phenomenon. Prof. Henry, who observed the eclipse at 
Princeton College, New Jersey, states that about two minutes before the 
formation of the ring, he perceived an arch of faint light between the 
cusps, and shortly afterwards a brush of greater intensity, projecting froth 
near the lower cusps}. A similar appearance was witnessed by Prof. 
Johnson, who observed the eclipse at Philadelphia. About a minute 
before the formation of the ring, he perceived an arch of faint light 
beyond the cusps, with @ speck or brush in the centre éatending outwards 
to a distance of two degrees. At the instant of the formation of the 
annulus, the arch of light had much increased in brightness. The 
brush which was originally in the centre, now extended from cusp to cusp, 
radiating outwards to the extent of nearly three digits }. 

Two observations at least, tending to illustrate the subject under con- 
sideration, were mado during the amular eckpse of October 9, 1847. 
Dr. Forster, who witnessed the eclipse at Bruges, has stated in an account 
of his observations that there was visible a very remarkable luminous arc or 
ridge of light, differently coloured from the rest of the sun, extending along 
and immediately on the limb of the moon between the cusps. The appear- 
ance lasted neatly five minutes §. Captain Jacob, who observed the eclipse 
at Bombay, states, thut shortly before the annular phase, a faint ray or 
brush. of light was seen issuing from the sun's northern cusp, which soon 
after extended in both directions as a tangent to the sun's limb |}. 

At might be expected, that the arcs and specks*of light observed around 
the moon's dark limb during the total and annular eclipses of the sun, 
might be also occasionally seen during partial eclipses of cotisiderable 
magnitude. Tho oeng are a few instances in which phenomena of 
this natute appear to have been visible. 

It has been already mentiorfed that an eclipse of the sun happened in 
the year 1605, which was total at Naples. Kepler states that at Antwerp, 
where the upper limb of the sun projected about. a digit beyond the - 
moon’s limb, the cireumference of the lower limb of the moon was ren- 
dered visible by means of a ruddy light bordering it ©. 

On the 22nd of June, 1666, there occurred @ partial eclipse of the sun 
which was visible at London. In an account of the phenomenon as observed 
by Hooke and several other individuats, it is stated that “about the middle 
between tlfe perpendicular and westward horizontal’ radius of the sun, 
viewing it through Bayle’s 60-feet telescope, there was seen a Little of the 
limb of the moon ‘without the disk of the sun, which seemed to some of 


* Mem! Ast. Soc., vol. x., p. 87. 

+ Silliman’s Journal, vol. xxxviii., p. 166. t Ibid., vol. xxxviii., p. 159. 

§ This statement is contained in a letter to Prof. Powell (Brit. Ass, Rep., 1848 ; 
Transactions of the Sections, p. 4).. 

Ii Monthly Proc. Ast. Soc., vol. 
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the observers to come from some shining atmosphere about the body 
either of the sun or moon.” * ' 

The eclipse of September 24, 1699, which was total in some parts of 
the north of Europe was very considerable at Leipsic, where 11°20 digits 
of the solar diameter was immersed. In an account of the eclipse, as it 
appeared at that city, it is asserted that when the cusps of the moon were 
almost parallel to the horizon, the extremity of the moon looking down- 
wards was somewhat enlightened, and of a kind of saffron colour +. 

The solar eclipse of July 14, 1748, although seen annular in various 
parts of Scotland, failed in a small degree from being so at Aberdour 
Castle, where it was observed by Lord Mortoun the proprietor, Lemonnier 
the French astronomer, and Short the famous optician. In his account 
of the eclipse, Short states that when the interval between the moon’s 
cusps did not exceed one-seventh of the moon's circumference, a brown 
light was plainly perceived both by Lord Morton and himself, to extend 
from each cusp about one-third of the whole distance between them, ‘He 
adds also, that he perceived at the extremity of this brown light, which 
came from the western cusp, a larger quantity of light than usual t, 

The following is an account of the appearance presented by ‘the partial 
eclipse of February 12, 1831, at Burlington, New Jersey, United States, 
where it was observed by Mr. Gummere :—“ At the tjme of greatest ob- 
scuration,” says that indivjdual, “the cusps were very sharp and well 
defined, but a thread of light extended from each along the cireumference 
of the sun’s disk. About a minute atter @ spot of light was observed a 
few degrees from the south-western cusp, extending inwards from the 
thread which proceeded from that cusp.”§ 

Bessel thus describes the appearance presented during the solar eclipse 
of May 15, 1886, which failed in a small degree to be annular at 
Konigsberg, where that astronomer observed it; although in reality it 
was of the annular species -— ‘ About twenty-five seconds before the 
nearest approach of the centres of the two bodies, T perceived near the 
extremity of the superior cusp a luminous point, which, without having 
the brightness of the sun, was very distinctly visible with the powerful 
heliometer. As the cusps were then approaching each other, I hoped 
that the annulus was about to form, bug this did not happer. With 
respect to the point which J have just allude to, it became more luminous 
Other similar pomts appeared which soon united together, and rendered, 
visible all the portions.of the moon’s limb, included between the extremi- 
ties of the cusps.” |} Pa . 

Captain Smyth, who observed the same eclipse at Bedford, where it was 
also partial, has given the foltowing description of a similar phenomenon :— 
“A little before the greatest obscuration, the sun having then ay altitude 
of about 40°,’the southern cusp was cénsfderably the brightest, and I then 
distinctly perceived a small portion of the lunar limb outside the solar 
orb. Asthe moon passed over, her following limb was brightened by a 
Jine line of light."— gy e Ke aes 

The eclipse of February 10, 1838, although seen annular in Several 
parts of the United States, slightly failed to appear so at New York. An 

. cae 


* Phil. Trans., 1666, p. 295. t Ibid., 1700, p. 622. } Ibid., 1748, p. 586. ‘ 
§ Trans. Amer. Phil. Soc., New Series, vol. iv., p. 128. oy Pad 
4 Mem. Ast. Soc., vol Key Po 32. 
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intelligent observer of the eclipse at that city alludes—in a note-contain- 
ing suggestions relative to the total eclipse of 18i2—to a phenomenon 
which he says may indeed have been observed at other times and recorded, 
although he has no knowledge that ithas been. On that oecasion he noticed 
several minutes before the time of the nearest completion of the ring, the 
fine cusps of the sun's unobscured erescent prolonged by a hair breadth 
line of brightness, totally diverse in colour and intensity from the sun's disk. 
As the cusps approached, the line or thread of light in advance of each 
shot round the moon’s edge, between them rapidly, till, at a certain time, 
the threads from the two, met and joined in one—thus uniting the 
cusps *, 

The foregoing observations relative to the appearances noticed during 
annular and partial eclipses of the sun, present a satisfactory agreement 
with those made during total eclipses, in so far as they indicate the 
existence of a solar atmosphere. With respect to the luminous are seen 
around the moons dark limb, it would appear in some cases to indicate 
the ruddy streak of light which is usually perecived during total eclipses 
of the sun a few seconds before and after the complete obscuration ; but 
in general the phenomenon in all probability represents a fragment of 
the luminous ring, rendered visible in consequence of the atmospheric 
light diffused around it being enfecbled by the partial obscuration of the 
solar disk. ‘The specks or points of light observed on so many occasions 
are manifestly analogous to those scen at ‘loulon and elsewhere during the 
total eclipso of July 8, 1842. The brush ‘of light observed during the 
annular eclipse of 1888 is very instru Tis direct emanation outwards 
from a faint speck of light situate in Whminous are, shows that it was 
not the consequence of any irregular scintillation, but rather that it was 
occasioned by some extraneous cause acting constantly in a determinate 
divection, and totally independent 6f the brightness of the source from 
which it seemed to issue. In fact, it can only be explained by supposing 
the luminous speck to be a gollection of nebulons matter, through which 
tho rays of the sun had partially penetrated, so as to illuminate the par- 
ticles of the solar atmosphere situated beyond in the line of. their 
transmission. 

According to the usual theory of the physical constitution of the sun, 
that body consists of an opaque nucleus, surrounded hy an atmosphere in 
which are suspended at different elevations two enveloping substances of 
dissimilar physical properties, the lower envelope being imperfectly - 
luminous, but capable in’a high degree of yr fleeting light, while, on the 
other hand, the upper envelope forms a resplendent canopy of clouds, 
which are lumjnous in themselves, and constitute the source of the light 
diffused gn every dircction by the sun. The observations of solar eclipses 
would-scem to indicate, that above the luminiferous enyelope there exists 
a stratum of nebulous matter, which is visible only byameans of reflected 
hight. Various interesting questious prescnt themselves for solution in 
connexion with the admitted.existence of such a stratum. In the first 
place, does this third envelope exercise an influence in the production of 
any of the other phenomena which have been disclosed by observations on 
the physical constitution{of the sun? M. Arago has very ingeniously 
suggested that the solar pots Which exhibit the aspect of « penumbra 
without a nucleus, may ‘arise from the superposition of masses of this 


























* Silliman’s‘Journal, Yel. xlii., p. 396. 
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nebulous matter above the luminiferous envelope. Secondly, the ques- 
tion arises, does any relation subsist between this non-luminous substance, 
which floats in the upper regions of the solar atmosphere, and cither of 
the other two envelopes? Sir John Herschel, in his ingenious theory of 
the physical origin of the solar spots, supposes a perpetual circulation to 
be kept up in the solar atmosphere, analogous to that which in the caso 
of the terrestrial atmosphere produces the phenomenon of the trade winds. 
Now, is it not reasonable enough to suppose that such a circulation will have 
the effect of continually agitating the non-luminous matter constituting the 
envelope nearest the solid nucleus of the sun, and throwing up masses of 
itabove the luminiferons surface ?_ This view of the subject, while it carries 
with it considerable probability, obviates the necessity of introdneing into 
the theory of the physical constitution of the sun, the idea of a third 
envelope independent of the two others. Future observation, prosecuted 
more especially with reference to the position of the solar spots during 
the occurrence of eclipses of the sun, can alone be expected to throw any 
light upon this interesting question. 

Although the physical connexion of the solar spots with the nebulous 
matter which appears to exist abéve the luminous surface of the sun, is* a 

joint which remains to be established definitively by future enquiry, there 
18 some reason to suppose from the obsérvations of Sig. Santini on- the 
occasion of the total eclipse of July 8, 1842, that such a connexion really 
subsists. : 

Tn his account of the eclipse, that excellent astronomer states, that a 
few days previous to its occurrengghe observed a very extensive chain of 
spots on the sun, five of which @pgiared near the western margin of his 
disk. He adds that, although he unfortunately omitted to determine 
their precise position, he felt assured that at the time of the eclipse, they 
could not have heen very far removed from the singular columns of smoke 
which appeared during the total obscuration *. i 

The aspect presented by the moon during eglipses of the sum,.has led 
to some curious speculations. Kepler has stated in one of his works, that 
during the obscuration consequent upon a total eclipse of the sun, the 
moon's surfrce is orcasionally distinguishable by a ruddy light}. A similar 
appearance has len noticed in modern times during the occurrence of 
annular eclipses. Thus Mr. Baily, in his account of the annular eclipse 
of 1836, states, that ‘ previous to the formation of the ring, the face of the 
moon was perfectly black; but on looking at it through the telescope,- 
during the annulus, the circumference was tinged with a reddish priple 
colour, which extended over the whole disk, but increased in density of 
colour according to the proximity to the centre, so as to be,in that part 
nearly black.” ; ee 

« . 


* Giorn. dell’ Ist del Lomb., tom. iv., p. 378. It has been already mentioned that the 
juminous protuberances seemed to. Sig. Santini to resemble irregular columns of smoke, 
unidulating upon broad bases. “ Come irregulari colonne de fuoco ondegyiante a larga 

jase,” = - 

+ Epitome Astronomi, p. 895. ms 

i Mem. Ast. Soc., vol. x., p. 17. Mr. Baily states that at the samé time the globular 
form of the moon was very perceptible ; he adds that Mr. Veitch (the gentleman at whose 
residence he observed the eclipse) also noticed the phenomenon, and that both agreed in 
the impression that the moon had the aspect of a globe of purple velvet. . It is a remark- 
able fact, that an appearance exactly resembling that described by Mr. Baily was witnessed 
during the total e s of 1733; thus M. Tissel states, that at Skepshat in Sweden, “the 
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Kepler ascribes the visibility of the moon’s surface during her conjunc- 
tion with the sun, to the light transmitted by reflexion from the earth, or 
the carth-shine, as it would be termed by the inhabitants of the moon*. 
This is doubtless the true explanation of the phenomenon. 

The illustrious philosopher, just cited, while alluding to the visibility of 
the moon by a faint light during conjunction, does not affirm that the 
irregularities of her surface have been discerned on any such occasion. 
The first person who makes mention of this fact is Bigerus Vassenius the 
Swedish astronomer, to whose interesting observations of the total eclipse 
of 1733, allusion has already been made. In the account of that eclipse 
which he transmitted to the Royal Society, he asserts that with a telescope 
of 21 feet focal length, he perceived several of the principal spots on the 
moon during the total obscuration. 1errer also states, that during the 
total eclipse of 1806, the irregularitics of the moon's surface were plainly 
discernibte |. 

The foregoing aye the only two instances in which it appears that the 
irregularities of the moon’s surface have been perceived during a central 
eclipse of the sun, whether total or annular, M. Arago, and several other 
observers, cauefully sought to effect the same object during the totel 
eclipse of 1842, but all their efforts proved fruitless. ‘The fact of the 
lincaments of the lunar disk being discernible in some cases and not in 
others, is obviously attributable to uo other cause than the variable con- 
dition of the atmosphere §. 

A sivguldr appearance was noticed at Weshington, U.S., during the 
progress of the partial eclipse of l’ebruary 12, 183i. Mr. F. R. Hassler 
states, in an account of that eclipse, that “the most remarkable phe- 
nomenon was the distinctly painted inequalities of the moon, by the 
reflected light and shade upon its disk, presenting apparently clevations 
brilliantly illuminated, and intervals shaded in an ash-coloured shade, 
more or lessalark and distinct as they were nearer to or farther from the . 
sun, the edge of the moon towards the sun being always fully dark.” He 
asserts moreover that the appearance, beginning when about one-eighth of 
the diameter of the sun was immersed, extended itself, with more or less 
variation, to about, one-third of the moon's diameter, when it gradually 
faded into indistinctuess, and the whole of the moon's surface appeared 
equally dark: the same phenomenon was witnessed in an inverted order 
towards the end of the eclipse'|. 

‘Lhe singulak phenomenon alluded to appears to be totally inexplicable 











became black ; and at the centre seemed to protuberate.” Acta Lit, et Scien. Succ., tom. 
iv., p. 59. Piola also meutions that on the occasion of the total eclipse of 1842, as 
the moon adyartted upon the solar disk, she seemed to all the spectators who were present 
with ‘him ¢o protuberate at the centre, and to be compressed at the sides. He adds that 
asimilar appearance was noticed at Belluno. (Gorn. dell’ Ist. del Lomb., tom. iv., p. 303.) 
> Kpitome Astronomim, p. 895. + Phil. Trans., 1733, p. 135. 
t Trans. Amer. Phil. Soc., vol. vi., p. 267. 

g The following remark by Sig. Magrini relative to the appearance presented by the 
moon during the total eclipse of 1842, has some resemblance to the description contained 
in the text. ‘* The light of the moon, termed ashy, seemed to be brighter towards the 
disk of the sun both before the immersion and after the emersion.” (Annuaire, 1846, p. 
875, cited from the Gazetta Privileygiatu of Milan.) 

|| Trans. Amer. Phil. Soc., New Series, vol. p. 131. The only explanation 
of this phenomenon that appears to possess any degree of plausibility is the follow. 
ing. It has beén found, that ddring totai eclipses of the sun, the irregularities of the 
lunar disk are sometimes discernible when the whole of the solar disk has been immersed. 
Let us suppose, that during the eclipse of 183] the condition of the atmosphere was 
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by any known physical principles. That it is connected in some way with 
the magnitude and relative position of the segment of the sun which has 
not undergone immersion, would seem obviously to follow from its mode 
of variation ; but it is difficult to assign any cause why the moon's surface 
should appear more distinct on the side on which the sun is visible, than 
on the opposite side. 

A phenomenon of a somewhat similar nature, but one admitting of a 
satisfactory explanation, was noticed by M. Arago during the tota eclipse 
of 1842. Forty minutes after the commencement of the eclipse. while a 
considerable portion of the sun was still visible, he observed the dark con- 
tour of the moon projected upon the bright sky; it corresponded exactly 
with the portion of the limb that appeared upou the sun; he yemarked 
also, that it was brighter at the parts where it met the solar disk *. 
He ascribes the phenomenon to the projection of the moon upon,the solar 
atmosphere, the brightness of which, by an effect of coutrast, rendered 
the outline of the moon's dark limb discernible. This explanation ac- 
counted for the fact of the limb being brighter towards the sun, since it 
appeared from all the observations of total eclipses, that the luminous 
ring exhibited the greatest concentration of light at thosé parts where 
it bordered upon the solar disk. : 

The contour of the dark limb of the moon was also visible to M, Eugene 
Bouvard at Digne, and to M. Flagueryes at Toulon; but it is remarkable 
that no other observer of the total eclipse of 1842 makes mention of a 
similar appearance. 

Halicy remarked, that daring the total eclipse of 1715, he observed per 
petual flashes, or coruseations of light, which seemed for a moment to dart 
out from behind the moon, now here and now there, on all sides, but 
more especially on the western side a little before the emersion}. Louville 
alludes to a similar phenomenon in his account of the same eclipse; he 
states, that during the time of the total obscuration, it seemed as if there 
had been a succession of trains of gunpowder constantly exploding on the 





so favourable for observation, that. if the whole of the solar disk had undergone immer- 
sion, the dark and bright parts of the moon's surface would have been as plainly dis- 
tinguishable as Ferrer states they were on the occasion of the total eclipse of 1806. 
According to M. Avago, the light by which the bright parts are visible in such a ease, 
must exceed the light of the more obscure parts, by at least a sixtieth part. Now, 
at the commencement of the eclipse, the moon's surface is illuminated unequally by the 
lumitre cendrée, or ashy light, and’ equally by the atmospheric light diffeed by the full 
sun; and the former of these lights (or rather the excess of the light emitted by the 
bright parts over the light of the more obscure parts) bears so smail a proportion to the 
latter, that the whole of the moon’s surface is almost equaé/y illuminated, and the various 
irregularities by which it is diversified will he completely effaced. As the eclipse, how- 
ever, increases in. magnitude, the light diffused by the visible segment of the solar disk 
diminishes at an equal rafe, and in consequence, the light of the lwnicre cendrée con- 
tinually bears an imereasing ratio to the atmospheric ight. At length, the latter is xo 
much enfeebled, that the excess of the light of the bright parts of the lunar disk over the 
light of the more obscure parts, arising from the Gamiere cendrée, amounts to the sixtieth 
part of the atmospheric light, whereupon, according to the above remark, the irregularities 
of the lunar disk.will become distinguishable. The American observer states, that the 
moon's surface became distinctly visible as soon as one-cighth of the solar diameter was 
immersed. It is difficult to conceive that at so carly a staye of the eclipse the atmospheric 
light would be so much enfeebled, that the lumiére cendrée would form a sensible frac- 
tion of it, Admitting, however, that the phenomenon was due to such a cause, it 
follows that the lunar surface will appear more illuminated towards the stm, on account 
of the greater intensity of the atmospheric light, except at the part bordering on the solar 


segment, where it will naturaily uppear dark from the effect of contrast. 
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moon's surface. He remarks that the fulminations had a serpentine 
appearance, causing them to resemble flashes of lightning *. 

‘Weidler, in an account of the partial eclipse of August 4, 1739, as 
observed by him at Wurtemberg, makes mention of asimilar phenomenon. 
He states that a friend of his, well skilled in astronomical observations, 
haying viewed the moon towards the commencement of the eclipse with 
a telescope 9 feet long, noticed bright lights like flashes of lightning in- 
terspersed here and there upon her dark surface; and that after the lapse 
of one hour and nineteen minutes he again saw the same appearance f. 

Attempts were made during the total eclipse of 1842 to verify the fore- 
going observations, but it was only at Venice that any analogous corus- 
cations of light were discerned. Sig. Zantedeschi, who observed the 
eclipse at that city, states, that from time to time there were visible upon 
the moon’s surface faint illuminations of an intermittent character, re- 
sembling flashes of phosphoric light, intermingled with black streaks 
A similar appearance was noticed by M. Wullerstorf }. 

The phenomena above referred to have been explained in various ways 
by different enquir Louville attributed them to the prevalence of 
electric storms in the lunar atmosphere; other persons suppose them to 
have been produced by volcanic energy. M. Avago is of opinion that 
they may have arisen from the occasional passage of aerolites across the 
field of view of the telescope. In support of this view of their origin, he 
cites one or two instances in which, during the total eclipse of 1842, there 
were seen meteoric lights traversing the regions of the heavens in which 
the sun and moon were then situate. From the circumstance of tho 
phenomena having been visible only on two or three occasions, it is clearly 
impossible to arrive at any trustworthy conclusions on the subject. 

‘At various places in France, a singular undulation of the solar light was 
remarked on the occasion of the total eclipse of 1842. Ina letter to M. 
Arago, dated July 9, 1842, M. Fauvelle gives the following account of the 
phenomenon as witnessed by him at Perpignan :—* At the moment when 
the eclipse was about to become total, I perceived the last rays of the sun 
undulate with great intensity and rapidity upon a white wall of one of the 
military establishments of the rampart of St. Dominique. The effect 
might be compared with that which is observed when the light of the sun 
falls upon a wall or a ceiling after having been reflected from the surface 
of ashe&t of water in a state of agitation. The same phenomenon re- 
appeared at the instant of the emersion of the sun; the undulations which 
at first were very intense gradually died away, and disappeared altogether 
at the end of five or six seconds. 

M. Arago remarks also that during the few seconds which could be 
devoted by his colleagues and himself to the observation of such a pheno- 
menon, the facade of the great tower of the citadel of Perpignan appeared 
to be illuminated by a singularly-fluctuating light. 

M. Lenthéric thas describes the phenomenon as observed by him at 
Montpellier :—“ A litule before the commencement of the total obscura- 
tion, there were seen on the ground and on walls undulating shadows 
composed of a succession of arcs of three or four decimétres ir length, 
but of much less breadth, which seemed to turn upon themselves. The 
effect was analogous to that produced by those moveable ‘shadows which 








* Mém, Acad. des Sciences, 1715, p. 96. + Phil. Trans., 1739, p. 228. 
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are seen at the bottom of a shallow basin filled with clear water, when the 
- surface, slightly agitated, is illuminated by the rays of the sun.” 

A phenomenon similar to that mentioned in the foregoing accounts was 
also observed at Narbonne, Alais, and several other places in France. 
The following description of the appearance, as witnessed by M. Savournin 
at Seyne, is somewhat different from the other statements :— 

“There were seen here shadows and luminous patches running after 
each other, the effect of which was similar to that produced by the passage 
of a succession of small clouds over the sun. TheSe patches were not all 
of the same colour. Some of them were red; others were yellow, blue, or 
white. The children amused themselves in running after them, and 
trying to put their hands upon them. ‘his extraordinary phenomenon 
was remarked only a few instants before the complete disappearance of 
the sun.”* 

It is remarkable that no observers of the total eclipse of 1842, out of 
France, make any allusion to the singular appearances noticed in that 
country, before and after the total obscuration. Almost equally silent 
upon this point are the observers of former eclipses of the sun, The 
following observations of the total eclipse of 1733, appear to have refer- 
ence to an undulatory movement similar to that above mentioned. 

Rydhenius, pastor of Forshem, states that “ when the sun was about to 
lose his light, and also when he was about to recover it, he emitted rays 
that undulated like the aurora borealis, and were of a siery red colour.” + 

Again the pastor of Flo, in his account of the same eclipse, aflirms that, 
“towards the total obscuration stars were visible, and also a singular fluctu- 
ation in the air.” » 

It might be supposed, although it is by no means probable, that the 
first cited of these two observations has reference to the appearance of the 
sun when viewed directly, a little before and after the total obscuration, 
‘and not to the effect which might be produced upon a surface illuminated 
by the solar rays. With respect to the second observation, it is still less 
improbable that it can be any other than a phenomenon of the same 
nature as that witnessed during the total eclipse of 1842; since it is 
difficult to believe that any agitation in the air could be recognised, 
except by viewing its undulations as projected upon some wall or building. 
‘The observation of the pastor of Forshem would also seem to have some 
analogy to that of M. Savournin, relative to the moveable Saadows of 
different colours which appeared at Seyne during the total eclipsé of 1842. 
As, however, the curious phenomenon witnessed in the latter instance 
does not seem to have been noticed, except at the place just cited, it 
would be desirable to obtain a more satisfactory verification of it by 
reference to some previous eclipse. The following statement made by 
Delisle, while citing some observations which appeared to him to support 
his theory of the luminous ring seen around the moon on the occasion of 
a total eclipse of the sun, manifestly refers to a phenomenon of a similar 
nature :— 

“The second observation is one which a curious individual acquaints 








* Annuaire, 1846, p. 393. 

+ Acta Lit. et Scien. Suec., tom. iv., p. 61. The following are the express words of 
the original: —“ Sol lucem penitus amissurus eandemque recuperaturus, radios ejaculabat 
fluctuabundos, instar aurore borealis, et rutilos.” 

+ Aeta Lit. et Scien. Suec., tom. iy.. p. 61. The words of the observer are these:— 
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me with having made, by mere accident*. Having directed his atten- 
tion to « large white wall, at the moment of the total immersion of an 
eclipse of the sun, he saw the modn's shadow pass upon the wall, tinged 
with different colours.” + 

The three observations just cited are the only ones that have been 
found in the records of solar eclipses, confirmatory of the phe- 
nomenon remarked exclusively in France, during the total eclipse of 
1842. ‘Lhe question naturally arises, to what physical cause are the 
siugular undulations naticed on such occasions to be ascribed? It is 
reasonable enough to suppose that, towards the time of total obscuration, 
tho equilibrium of the atmosphere is very much disturbed by the change 
of temperature consequent upon the rapid diminution of the visible 
segment of the solar disk. Hence will arise a sudden intermingling of 
strata of air pf different densities, and consequently of different refractive 
powers, which may obviously tend to produce a succession of undulatory 
movements similar to those actually perceived. It is not improbable also 
that the continuous obstruction of the solar light by innumerable foreign 
substances floating in the atmosphere, and subject to incessant displace- 
ments from the agitation of the air, may contribute towards producing 
tho observed eflcct. The extreme smallness of the solar crescent cannot 
fail to render the interposition of any such particles of matter, more 
readily perceptible than it would otherwise be. It is to be remarked also 
that the effects in all such cases will be magnified by diffraction. That 
the phenomenon is to a certain extent dependent on the operation of this 
principle, would seem to be indicated by the variety of colour which 
distinguishes the moveable shadows, Moreover, if light be propagated by 
means of undulations in a highly-elastic medium, it is not improbable 
that, gs the origin of light rapidly diminishes in magnitude, causes of 
interference may arise leading to a conflict of undulatory movements, 
whence may ultimately result phenomena analogous to those alluded to 
in the foregoing observations. 

A phenomenon which seems to be of a totally different nature from any 
of those hitherto alluded to, has been occasionally observed during solar 
eclipses, especially such as are of the annular species. In the latter case, 
previous to the formation of the annulus, the western limb of the moon 
exhibits an indented appearance, resembling a succession of beads. 
Almost immediately the beads become elongated, assuming the aspect of 
long, black, parallel streaks, uniting the limbs of the sun and moon. In 
the next instant these lines give way, as if they had been snapped 
asunder by the exstward motion of the moon, and the annulus then 
appears completely formed. A similar phenomenon ensues in a reverse 
order, when the eastern limb of the moon is approaching the sun’s limb, 


* « Par te plus grand hasard du monde.” 

+ Mémoires pour servir dT Histoire ef au Progrés de t Astronomie, p. 258, 4to., St. 
Petersbourg, 1738. M. Arago states that having searched, page by page, the volumes of 
the various academic collections, he found only one observation corroborative of those 
made in France relative to the undulations which occurred on the occasion of the total 
eclipse of 1842; but that he was unable to cite it in detail, in consequence of the loose 
leaf, to which he had consigned the memorandum of it, having been mislaid, 
(Annuaire, 1846, p. 399.) It is not probable that either of the two Swedish observa- 
tions cited in the text was that which fell under his eye; since, if he had met with the 
one, the other could hardly have escaped him. It is evident, at any rate, that the 
observation cited by Delisle, in a work which does not form part of any academic 
collection, cannot be the one referred to by the illustrious philosopher. 
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previous to the dissolution of the annulus, At first several dark lines 
dart forward from the moon’s limb, agd unite themselves to that of the 
sun; then they suddenly contract so as to assume the appearance of beads, 
and immediately afterwards the annulus is dissolved. On the occasion of 
the annular eclipse of May 15, 1836, this phenomenon was especially 
observed in Scotland by Mr. Baily, who has given a lively description of 
it in a paper on the eclipse which appears in the tenth volume of the 
Memoirs of the Astronomical Society. It may not be uninteresting, 
however, to show that an appearance more or Jess analogous to it has been 
witnessed on several previous occasions, both of total and annular eclipses. 

Halley mentions, in his account of the total eclipse of 1715, that about 
two minutes before the total immersion the sun was reduced to a very 
slender crescent of light, the extremities of which seemed to lose their 
acuteness and to become round like stars *. + 

During the total eclipse of 1724, Delisle remarked that the part of the 
moon's limb, where the total immersion was about to take place, appeared 
to him irregular and indented +. 

But, as has been already mentioned, it is during annular eclipses of the 
sun, that the phenomenon witnessed by Mr. Baily is more especially 
conspicuous. 

In his account of: the annular eclipse of 1737, Maclaurin cites a letter 
addressed by Professor Bayne to Lord Aberdour, containing the following 
statement :—“‘ What appeared to me most entertaining, considered as an 
object of sight, was when the extremities of the horns, formed upon the 
face of the sun, seemed as if they had been in the action of uniting their 
points; the inequalities on the extremity of the moon’s disk gave the 
appearance as it were of small bodies in particular motion *. 

In Short’s paper on the annular eclipse of 1748, which has been elready 
referred to, there appears a statement from the Rev. Mr. Irvine, who 
observed the eclipse at Elgin, in which he asserts that, previous to the 
Joining of the cusps of the sun, as also at the breaking up of the annulus, he 
perceived a quick tremulous motion and several irregular bright spots between 
the cusps, which disappeared in a few moments. He adds that both the 
Jormation and. breaking (of the annulus) were very sensibly to be observed 
and parted in a moment; affording a very pleasant sight, by the irregular 
tremulous spots af the sun §. 

The following description of the phenomenon as witnessed in America 
by Mr. S. Webber, during the annular eclipse of April 8, 1791, is more 
precise than any that has been hitherto cited :—* At both the internal 
contacts there was a curious and striking appearance of what may be 
called drops, on account of their resemblance to drops of a fluid. At the 
firet contact, when the horns of the sun were forming a ring about the 
moon, these luminous drops suddenly appeared, at several different points, 
with very little difference of time. At first they were nearly circular ; 
but they rapidly extended themselves along the limb of the sun, till, 
uniting, they completed the annulus. At the second contact several 
breaches in the annulus almost instantaneously succeeded the first, at 
different distances from each other; and the oblong drops included 
between them contracted and vanished.” 

A similar phenomenon was witnessed by Nicolai at Manheim, during 
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the annular eclipse of September 7, 1820. In his account of the eclipse, 
he states that about a second before the annulus was formed, the fine 
curve of the moon's disk, then immediately in contact with the edge of 
the sun, appeared broken into several parts; and in a moment these parts. 
flowed together like drops of water or quicksilver near each other. At the 
dissolution of the annulus, a similar appearance presented itself; for the 
delicate thread of light then formed by the annulus, instead of being 
broken into one place only,.was in an instant divided into several places 
at once,” * 

The phenomenon was @lso observed on the occasion of the same eclipse 
at Bologna, by De Zach, who has given the following interesting descrip- 
tion of it:—" The most beautiful spectacle was the end of the annular 
eclipse or the instant of the formation of the annulus. ‘The mountains 
of the moon appeared very distinct. Her limb seemed to be indented, 
and when it was upon the point of touching the sun’s limb, it appeared like a 
comb or a saw biting the edge of the solar disk. Before the contact of the 
two limbs was effected, there was visible, not a continuous thread of light, 
but a number of luminous points, resembling a row of so many pearl 
beads, separated by dark intervals, This beautiful phenomenon lasted 
only an instant; for the contact of the limbs, and the total disappearance 
of the last trace of light, was instantaneous.” + 

The same appearance was also witnessed at Amsterdam by several ob- 
servers of the eclipse, accompanied in some instances with new features, but 
the description given by Mr. Baily, of the phenomenon as it presented itself 
to him on the occasion of the annular eclipse of May 15, 1886, embodies all 
the particulars by which it has been hitherto distinguished. He states that 
when the cusps of the sun were about 40° asunder, a row of lucid points, 
like a string of bright beads, irregular in size and distance from each 
other, suddenly formed round that part of the circumference of the moon 
that was about to enter on the sun’s disk. Its formation was so rapid that 
it presented the appearance of having been caused by the ignition of a 
fine train of gunpowder. Mr. Baily was under the impression that this 
phenomenon indicated the correct formation of the annulus, and he was 
accordingly about to note the time of its occurrence. “My surprise, 
however, was grext,” says he, “on finding that these luminous points, as 
well as the dark intervening spaces, increased in magnitude, some of the 
contiguous ones appearing to run into each other, like drops of water; for 
the rapidity of the change was so great, and the singularity of the appear- 
ance so fascinating and attractive, that the mind was for the moment 
distracted and lost in the contemplation of the scene, so as to be unable to 
attend to every minute occurrence. Finally, as the moon pursued her 
course, these dark intervening spaces (which at. their origin had the 
appearance of lunar mountains in high relief, and which still continued 
attached to the sun's border) were stretched out into long, black, thick, 
parallel lines, joining the limbs of the sun and moon; when all at once 
they suddenly gave way, and left the circumference of the sun and moon 
in those points, as in the rest, comparatively smooth and circular; and the 
moon perceptibly advanced on the face of the sun.” Tn fact the phe- 
nomenon could net be more accurately imagined than by supposing, for 
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the moment, that the edge of the moon was formed of some dark, 
glutinous substance, which by its tenacity adhered to certain points of 
the sun’s limb, and by the motion of the moon was thus drawn out into 
long threads, which suddenly broke and wholly disappeared +. 

Mr. Baily remarks that the scene so riveted his attention, that he could 
not take his eye away from the telescope to note down anything during 
the progress of the phenomenon. He estimated, however, that the whole 
took up six or eight seconds or ten at the utmost. The same phenomenon 
occurred in a reverse order at the dissolution of the annulus. While the 
limb of the moon was yet at some distance from the, edge of the sun, a 
number of long, black, thick, parallel lines suddenly darted forward from 
the moon, and joined the two limbs as before. As these dark lines got 
shorter, the intervening bright parts assumed a more circular and irregular 
shape, and at length terminated in a fine curve line of bright beads, as at 
the commencement, till they ultimately vanished, and -the annulus cased 
to exist. 

Mr. Baily also states that, although the parallel dark lines ought not to 
have exhibited any perceptible difference of length, the outer lines imme- 
diately before their rupture seemed to be nearly double the length of 
those in the middle. This circumstance manifestly indicated a pro- 
tuberance on the moon’s limb at the point where it had just entered upon 
the sun's disk. A similar phenomenon had been noticed on the occasions 
of the transit of Venus across the sun's disk in the last century. 

The phenomenon of which Mr. Baily gave so vivid a description 
excited great interest among astronomers, and future opportunities of 
verifying it were anxiously looked forward to. The annular eclipse of 
Feb. 18, 1888, which was visible in the United States of North America, 
was peculiarly favourable for this purpose. On this occasion, however, 
the phenomenon was only partially observed. In several instances, the 
beads witnessed during previous annular eclipses at the instants of the 
formation and rupture of the annulus, were plainly visible, but no trace of 
the long black threads alluded to by Mr. Baily could be discerned by any 
observer. Moreover, it was found that even the beads were not per- 
ceptible in every case, their visibility seeming to be dependent on the 
colour of the screen glass employed in observing the sun. With a red 
glass the phenomenon was generally perceived; but, when a green glass 
was used, only a faint trace of it could be obtained, and in many cases it 
was altogether invisible. ‘Thus Prof. Henry, who observed .the eclipse 
at Princeton College, New Jersey, with a 34 feet achromatic telescope, 
and a red screen glass, states that ‘‘an appearance similar to a row of 
beads was regarded as the formation of the ring.” He adds that the 
drops endured only for a second or two}. On the other hand, Mr. R. T. 
Paine, who observed the eclipse at Washington with a telescope having a 
green glass applied to it, was unable to discern the slightest vestige of the 
phenomenon. “ The ring,” he remarks, ‘formed instantaneously, and 
broke nearly so. No beads were seen, nor the dark lines mentioned by 
Mr. Baily, nor the light round the moon, although all were looked for. 
No distortion of the moon's limb could be seen, and the cusps of the sun, 
before the ring formed, were as sharp as needles.” t 

It was expected that the observations of the total eclipse of July 8, 
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1842, would serve to throw some light upon this interesting phenomenon. 
On this occasion, however, astronomers were disappointed. In some 
instances a faint resemblance to beads of light was seen previous to the 
total immersion, but, generally speaking, the phenomenon was totally 
invisible. Even Mr. Baily, whose principal motive for proceeding to Italy 
was to verify, by means of this eclipse, his previous observations, was 
unable to discern any trace of the phenomenon. 

The observations of the annular eclipse of October 9, 1847, afforded a 
partial verification of the phenomenon witnessed by Mr. Baily in 1886. 
Captain Jacob, whg observed the eclipse at Bombay, states, that when the 
annulus was about being formed, the moon’s limb seemed to be united with 
that of the sun bya dark ligament about 1’ in breadth, which became more 
elongated as the moon advanced upon the sun. The moon's limb was 
perfectly well defined, except at the part where the ligament was perceived. 
This phenomenon lasted about three or four seconds, when the ligament 
at length suddenly gave way, and the annulus was seen complete. The 
phenomenon exhibited at the dissolution of the annulus was somewhat 
different. When the moon's limb approached very close to that of the 
sun, a portion of it, about 30° in extent, suddenly flowed over in dark lines, 
leaving bright spaces between. This appearance lasted only about two 
seconds *, . 

The same eclipse was observed at several stations in Europe, but no de- 
cisive indication of the beads or dark lines which exhibited so striking an ap- 
pearance during the annular eclipse of 1836, was obtained in any instance. 

The question relative to the physical cause of the phenomena above 
mentioned has naturally excited considerable speculation, but it cannot 
be said that any definitive conclusion has yet been arrived at upon this 
head. ‘That they are mainly illusions of an optical nature is generally 
admitted by all enquirers, but the modus operandi seems to be involved 
in much obscurity. The most probable hypothesis of their origin is that 
which refers them to the influence of irradiation. The enlargement of 
the apparent magnitudes of the celestial bodies, arising from this cause, 
has been already alluded to. The observations of solar eclipses tend es- 
pecially to corroborate the truth of this remark. It has been already 
mentioned that Kepler adduced the appearance presented during the solar 
eclipse of 1590, as affording an obvious proof of the influence of irradiation, 
The extraordinary agility with which, according to Wyberd, the moon 
threw herself upon the solar disk on the occasion of the total eclipse of 
March 2!), 1652, can only be accounted for by supposing that the sun was 
fringed with a border of spurious light which disappeared all at once as 
soon as the last portion of his limb was immersed. In his account of the 
annular eclipse of Feb. 18, 1737, Maclaurin states that the breadth of the 
annulus appeared much greater to the naked eye than could have been 
expected trom the difference of the semi-diameters of the sun and moon. 
“This appearance,” le remarks, “ proceeded chiefly, I suppose, from the 
light encroaching on the shade, as is usual; but whatever was the cause, 
everybody seemed surprised that the moon appeared so small upon the 
disk of the sun.” 

The enlargement produced by irradiation is also indicated by a remark 
of Mr. Fullarton, who, in a description of the same eclipse as it appeared 
at Crosby, near Ayr, states that the annulus was of a uniform breadth, 
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during the greater part of the time of its continuance, but seemed to go off 
very suddenly; so that when the disk of the moon approached the concave 
line of the sun’s disk, they seemed to run together like two contiguous 
drops of water on a table, when they touch one another.”* A similar 
remark was made by the Rev. Mr. Irvine, of Elgin, relative to the annular 
eclipse of 1748. In his account of the eclipse, as cited by Short, he states 
that the moon’s body seemed to pass quicker about the time of the annulus, 
than at any other time during the eclipse t. 

The observations of solar eclipses in more recent times have, in general, 
afforded similar indications of an enlargement of the apparent magnitude 
of the sun from the irradiation of his light. 

The dark ligament observed by Capt. Jacob during the annular eclipse of 
October 9, 1847, is obviously an eflect of irradiation, for when the moon is 
wholly within the solar disk, except at the point of interior contact where 
it still projects in a very small degree over the surt’s limb, the enlarge- 
ment produced by irradiation will be wholly wanting at this point, whereas, 
on the other hand, the rest of the limb being uncovered by the moon will 
exhibit its usual appearance. The sudden deficiency of light arising from 
this cause will manifestly produce an appearance resembling a dark liga~ 
ment or neck, uniting the limbs of the sun and moon at the point where 
the contact of the two bodies is about to take place. 

Prof. Powell’s explanation of the beads and threads witnessed at the 
formation and dissolution of the annulus, is perhaps less liablo to objection 
than any other that has hitherto been proposed. It is based upon two 
principles, the real existence of which has been established beyond doubt 
by observation and experiment. These are, the rapid degradation of the 
sun’s light towards the margin of his disk, and the law of irradiation in 
virtue of which the intensity of its influence increases with the brightness 
of the luminous object. Admitting these two principles, it is easy to see 
that a series of fissures in the moon’s limb will give rise to so many patches 
of light, which cannot fail to acquire a more elongated appearance as the 
moon advances upon the solar disk. 

It is to the inferior brightness of the sun towards the margin of his 
disk, and the consequent diminution of the effect produced by his irradi- 
ation, that Prof. Powell ascribes the protuberance on the moon's limb 
towards the point of her interior contact with the sun, observed by Mr. 
Baily during the annular eclipse of 1836, when the ring was just formed, 
and when it was about to be dissolved. In this case it is clear that the 
solar light, being less intense towards the point of contact than at the 
other parts where it borders upon the moon's limb, will encroach less by 
irradiation upon the dark body of the moon than elsewhere ; and that hence 
will arise an apparent protuberance of the contour of the lunar disk, which 
which will be most sensible at the point where the limbs of the sun and 
moon are nearest to each other §. 

The foregoing modes of explaining the phenomena observed during annu- 
lar eclipses are not wanting in plausibility, but they cannot be said to afford 
a satisfactory account of all the observations. A difficulty which attends 
these, as well as all other explanations of the same nature, consists in the 
fact of the phenomena being visible in some cases and not in others, al- 
though sought for with the utmost care. In some instances the absence of 


* Phil. Trans., 1737, p. 183. + Phil. Trans., 1748, p. 594, 
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the phenomena may be explained in accordance with the above-mentioned 
principles. Thus, in the case wherein they have not been seen, when 
the image of the sun has been received upon a screen, it may justly be 
supposed that this circumstance arose from the feeble irradiation of the 
solar image, whose brightness is so much inferior to that of the actual sur- 
face of the sun. In the great majority of cases, however, no explanation 
can be assigned, which is capable of reconciling the conflicting state- 
ments of different observers. : 

Eclipses of the moon, although neither so impressive in their nature, 
nor so important in their results as those of the sun, attracted the at- 
tention of astronomers at a very early age, as in the absence of more 
refined methods of observation, they served to fix the moon’s place in 
the heavens with considerable precision. Hipparchus did not fail 
to perceive that observations of Junar eclipses would furnish a solution of 
the great problem of the longitude. It was accordingly by means of such 
phenomena, that the difference between the meridians of places on the, 
earth’s surface was ascertained during a long succession of ages. The 
results so obtained were, however, very inaccurate, on account of the diffi- 
culty which is experienced in determining, by observation, the exact time 
of the occurrence of a lunar eclipse. ‘The method was therefore speedily 
abandoned in modern times, upon the invention of others of a more trust- 
worthy nature. Ptolemy, in his great work the Syntazis, has determined 
the elements of the lunar orbit by means of observation of eclipses of the 
moon, made by the Chaldeans, at Babyton, about 700 years before the 
commencement of the Christian era. It has been already mentioned 
that, by a comparison of the same eclipses with others observed in more 
recent times, Halley was led to suspect the famous inequality of the 
secular acceleration of the moon’s mean motion. 

Observations of lunar eclipses are chiefly interesting in modern times 
on account of the physical peculiarities which they occasionally exbibit. 
The ruddy hue, by means of which the moon is rendered visible, even 
when she is totally immersed in the earth's shadow, was a phenomenon, 
the cause of which was long involved in great obscurity. By some persons 
it was supposed to arise from a light naturally inherent in the moon's 
surface, but it seemed impossible to reconcile this explanation with the 
appearance of the moon in other parts of her orbit. ‘The illustrious Kepler 
was the first who shewed that the phenomenon was occasioned by the 
refraction of the carth’s atmosphere, which had the effect of turning the 
course of the solar rays passing through it so as to fall upon the moon 
even when the carth was actually interposed between her and the sun *. 

The deep red colour of the moon's surface arises from the absorption 
of the blue rays of light in passing through the terrestrial atmosphere, in 
the same manner as the western sky is seen frequently to assume ruddy 
hue when illuminated in the evening by the solar rays. On account of the 
variable condition of the terrestrial atmosphere, the quantity of light which 
is actually transmitted through it to the moon is liable to fluctuate con- 
siderably, and hence arises a corresponding variation in the appearance 
presented by the moon’s surface during her immersion in the earth's 
shadow. If the region of the ‘atmosphere through which the solar rays 
pass, be everywhere deeply loaded with vapours, the red rays will be almost 
totally absorbed as well as the blue, and the illumination of the moon will 


* Ad Vitellionem Paralipomena, p. 276. 
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be too feeble to render her surface visible. The records of lunar eclipses 
present several examples of thiskind. Thus Kepler states thateluring the 
lunar eclipse which happened on the 15th of June, 1620, the moon totally 
disappeared, although the fixed stars of the fourth and fifth magnitudes in 
her immediate vicinity were plainly distinguishable *. Hevelius also men- 
tions that during the lunar eclipse of April 25, 1642, the place of the moon 
could not be ascertained even with the aid of the telescope, although the 
air was sufficiently pure to discern the stars of the fifth magnitudet. 

The account given by Wargentin, of the lunar eclipse of May 18, 1761, a¢ 
observed by him at Stockholm, furnishes an interesting illustration of the 
same remark. The total immersion of the moon took place at 10 41™ pw. 
The part of the margin of the lunar disk which had last entered the shadow 
was pretty conspicuous by means of a bright light for five or six minutes 
after the immersion, and to the naked eye exhibited a lustre equal to 
that of a star of the second magnitude; but at 10% 52™, this part, as 
well as the whole of the rest of the moon's body, disappeared so com- 

* pletely, that not the slightest trace of any portion of the lunar disk could 
be discerned either with the naked eye or with the telescope, although the 
sky was very clear and the stars in the vicinity of the moon were distinctly 
visible in the telescope. After a long search for the missing body of the 
moon, the Swedish astronomer at length discovered it at 11" 80™ with a 
two-feet telescope, by means of a faint light which was visible about the 
eastern border of the disk. At 114 33", persons of acute vision were able 
to discern a trace of it with the naked eye, like an exclusively thin vapour; 
but more than half of the disk was still invisible. The boundary between 
the visible and invisible portions was very irregular ; the light was also more 
intense at, the margin of the moon than it was towards the centre. During 
the progress of the emersion, which commenced at 12 15", the part of 
the moon which was still involved in the earth’s shadow was by no means 
palpable to observation, as is usually the case on similar occasions. 

If the region of the atmosphere, through which the solar rays pass, be 
everywhere very transparent, the red rays will be transmitted to the moon 
in great abundance, and her surface will, in consequence, appear strongly 
illuminated. ‘I'hus, during the lunar eclipse of December 22, 1708, the 
moon, when totally immersed in the earth’s shadow, was visible at Avignon 
by a ruddy light of such brilliancy, that one might have imagined her body 
to he transparent, and to be enlightened by the sun from behind§. A 
similar appearance was remarked on the occasion of the totel eclipse of 
the moon, which happened on the 19th of March, 1848. Mr. Forster, of 
Bruges, states, in an account of the eclipse, that during the totality of the 
immersion, the light and dark places on the face of the moon could be almost 
as well made out as in an ordinary dull moonlight night. So intense was 
the illumination of the moon’s surface, that many persons could not be 
persuaded that she really was eclipsedjj. Mr. Walkey, who observed the 
eclipse at Clyst St. Lawrence, near Collumpton, states that the appearance 
was as usual until 20 minutes to nine, when the whole of the moon’s sur- 
face became very quickly and very beautifully illuminated, so as to 
resemble the glowing heat of fire from the furnace, rather tinged with a 
deep red. This appearance lasted about an hour. 

Sometimes it happens that the region of the terrestrial atmosphere 


* Ep. Ast. p, 825. ‘+ Sclenographia, p. 117. ¢ Ph. Tr., 1761, pt. i., p. 208, et seq. 
& Mém Acad. des Sciences, 1704, p. 59. (Hist. ) 
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through which the solar rayg pass, is 80 loaded with vapour in some parts 
ag in a great degree to absorb the rays, while in other parts it allows them 
to be transmitted with facility to the moon's surface. Hence during the 
totality of a lunar eclipse, the moon's surface will appear quite obscure in 
some parts, and in other parts will exhibit a high degree of illumination, 
Thus.Kepler states that during the total eclipse of the moon, which hap- 
pened on the 16th of August, 1598, while one-half of her disk was seen 
only with great difficulty, the other half was discernible by a deep red 
light of such brilliancy, that at first he was doubtful whether it was im- 
mersed in the shadowatall*. If dense clouds be interspersed throughout 
the whole of the atmospheric zone through which the rays pass, there will 
manifestly ensue an irregular distribution of light and darkness over the 
whole of the moon's surface. Such was the appearance, which, according to 
Sir John Herschel, the moon presented during the total eclipse of October 
13, 1837+. 

The phenomena presented by the transits of the inferior planets over 
the sun’s disk are among the most interesting that arise from the relative ° 
movements of the various bodies composing the solar system. The im- 
portance of the transits of Venus, in determining the solar parallax, has 
been already referred to. The physical features of such phenomena tend 
also to attract the attention of the enquirer. The transits of Mercury are 
of less utility than those of Venus in ascertaining the absolute dimensions 
of the solar system; but, as in the case of that planet, the phenomena 
accompanying such occurrences are calculated to throw some light on the 
physics of the celestial regions, 

Long before the invention of the telescope it was asserted that Mereury 
had been seen upon the sun’s disk. Even as early as the ninth century, 
it was stated by the author of the “ Life of Charlemagne " that the planet 
had been visible upon the sun for eight days. As it was impossible, from 
the rapidity of his orbitual motion, that Mercury could have remained so 
long visible upon the sun, Kepler suggested that the expression octo dies, 
or eight days, might have been erroneously substituted for the barbaric 
Latin octottes, or eight times. It is now well known, however, that the 
angular magnitude of the planet is by far too small to allow its being seen 
with the naked eye on such an occasion, so that in all probability the 
phenomenon referred to was no other than a solar spot of more than ordi- 
nary magnitude. Coming down to a more recent age, Averroés, a famous 
physician of Cordova, in Spain, who wrote a commentary on the Alma- 
gest, positively asserted that he had seen Mercury on the sun at a time 
when, from the motion of the planet, it ought to have been passing 
through its inferior conjunction}. This statement, however, must be 
rejected as unworthy of belief, for the same reason as that alluded to in 
the case just cited. Kepler himself was induced to believe on one occasion 
that he had seen the planet on the sun, but the invention of the telescope 
a few years afterwards having speedily led to the discovery of spots on the 
sun's disk, he retracted his opinion, and candidly acknowledged that the 
phenomenon seen by him was, in all probability, no other than one of such 
maculae, 


says Mr. Walkey, “and during that period I have several times beheld an eclipse of 
the moon, but never before did my eyes behold the moon positively give good light from 
her disk during a total eclipse.” 

* Ad Vitellioncm Paralipomena, p. 276. + Outlines of Astronomy, p. 256. 
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In his ‘‘ Supplement to Vitellionem,” Kepler remarked that from the 
position of Mercury’s nodés, it was possible that he might frequently pass 
over the sun’s disk*. With respect to Venus, he asserted that although 
she might sometimes be interposed directly between the earth and sun, 
the instances of such an occurrence were very rave. He announced, in 
fact, thet a transit of this planet would not take place during the whole of - 
the seventeenth century +. 

The completion of the Rudolphine Tables in the year 1627, having 
enabled their illustrious author to caleulate the motions of the inferior 
planeta upon @ more accurate basis than any hitherto employed by him, 
he now arrived at results of considerable precision relating to the times of 
their transits over the sun’s disk. In 1629 he published a small tract, in 
which he ventured to predict that both Mercury and Venus would pags 
over the sun's disk in the year 1631, the former on the 7th of November, 
and the latter on the 6th of December!. He announced at the same time 
that there would not happen another transit of Venus before the year 1761: 
This, however, was a mistake, as we shall presently have occasion to show 
more particularly. 

The transit of Mercury, which Kepler had predicted, was actually wit- 
nessed by Gassendi, at Paris. He has given an interesting account of 
his observations in a letter to Shickhard, Professor of Mathematics in the 
University of Tubingen. “The crafty god,” says he, “had sought to 
deceive astronomers by passing over the sun a little earlier than was 
expected, and had drawn a veil of dark clouds over the earth in order to 
take his escape more effectual. But Apollo, acquainted with his knavish 
tricks from his infancy, would not allow him to pass altogether unnoticed. 
To be brief, J have been more fortunate than those hunters after Mercury 
who have sought the cunning god in the sun. + I found him out, and saw 
him, where no one else had hitherto seen him.”§ 

Gassendi made preparations to observe the transit of the planet, by 
admitting the solar light into a dark chamber through a small aperture in 
the window, and receiving the image of the sun upon a white screen, 
having a circle described upon it adapted exactly to the magnitude of the 
image. The diameter of the circle was three-fourths of a French foot in 
length, and was divided into sixty parts, so that by supposing the apparent 
diameter of the sun to be 30’, each of the subdivisions would represent an 
apparent magnitude of 30%. The circumference of the circle was also 
divided into 360 degrees. In order to obtain an accurate knowledge of 
the time, he placed a person in the room above him, with a quadrant of 
two feet radius, charging him to observe the altitude of the sun whenever 
he should hear him stamp with his foot. In order that the transit of the 
planet might not escape him, he resolved to commence his observations a 
day or two earlier than that which Kepler had fixed for its occurrence. 
The 5th of November proved unsuitable for this purpose, being all day 
rainy. The 6th turned out to be equally unfavourable, the sky being 
overcast during almost the whole day. The 7th, which was the day ap- 
pointed for the transit of the planet, was very changeable in the morning, 


* Ad Vitellionem Paralipomena, p. 306. t Ibid, p. 305, 

t The following is the title of this small tract: —* Admonitio ad Astronomos rerumque 
celestium studiosos, de miris rarisque anni 163] phenomenis, Veneris puta et Mereurii 
in solem incursu.” Lips., 1629. 

§ Opera Omnia, tom. ii., p. 537. 
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but was for most part cloudy. A little before eight o'clock the sun was visible 
through the openings of the denser clouds, but a thin veil of nebulous 
matter still rendered it impossible to distinguish any minute object, either 
upon the actual disk of the sun or upon his image in the dark chamber. 
Towards nine o’cfock, the sun being distinctly visible, he perceived @ black 
spot upon the image. It wasa little to the east of the vertical diameter, 
and about a fourth of its length from the lower extremity. Ife roughly 
marked its position, not having the remotest suspicion that it was Mercury 
on agcount of its extreme smallness, for its diameter scarcely seemed to 
exceed the half of one of the minute parts into which he had divided the 
diameter of the white circle. He was rather-inclined to believe that it 
was a solar spot, which, although not visible on the preceding day, might 
have been formed during the termediate interval, as had happened on 
several previous occasions, in the course of his experience. The sun having 
again appeared through the clouds at nine o'clock, he measured the distance 
of the spot from the centre of the image, intending to compare its position 
with that of the planet, if the latter should eventually enter upon the sun, 
for it occurred to him that an observer at some other station might be 
induced to do so likewise, and that suitable data would thereby be obtained 
for determining the parallax of the planet. A little afterwards, when the 
sun again became visible, he measured anew the distance of the spot from 
the centre of the image, and was surprised to find that it had considerably 
increased during the intermediate interval, From its rapid motion, he 
felt ussured that it could not be one of those ordinary spots that appear 
from time to time on the surface of the sun, and he now began to enter- 
tain some suspicion of its real nature, but stil] he could not persuade him- 
self that it was Mercury, so much was his mind pre-occupied with the idea 
that the planet would exhibit a larger apparent magnitude. While he 
was pondering whether he had not made a mistake in his first measure- 
ment, the sun shone forth, whereupon, having again ascertained the posi- 
tion of the spot, he found its distance from the centre to be even greater 
than on the previous occasion. He now concluded without hesitation, that 
it was in reality the planet which the black spot represented. He there- 
fore immediately gave the preconcerted signal to his assistant in the 
chamber above him, but unfortunately he had abandoned his post, and 
for some time could not befound. He returned, however, before the planet 
had gone off the sun, and made the necessary observations. 

Gassendi states that the planet, as seen depicted on the solar image, 
was somewhat diluted, and of a ruddy colour around the margin. Its 
diameter seemed to be equal to about two-thirds of the interval botween 
two consecutive points of the diameter of the image. The apparent 
diaraeter of the planet was therefore only 20”. This was far below the 
angular magnitude which astronomers usually assigned to it. 

The planet had nearly gone off the sun when Gassendi first saw it, 
From its observed motion during the short interval of its visibility, he 
calculated that it had entered upon the sun's disk at 5" 28" a.m, and 
that its final egress took place at 10" 28™ a.m, The transit had therefore 
lasted five hours precisely. By reducing the calculations of Kepler to the 
meridian of Paris, he found that the observed time of the transit was in 
advance of the computed time by 4" 49™ 30s, 

The transit of Mercury observed by Gassendi, took place when the 
planet was passing through the ascending node of its orbit. The second 
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transit of the same planet ghat was actually observed, happened on Novem- 
ber 3, 1651. On this occasion also the planet was passing -through its 
ascending node*. ‘Che phenomenon was observed at Surat in Iidia, by 
Shakerley, a young Englishman, who, having found by cglculation that it 
would be visible only in Asia, proceeded to India for the express purpose 
of witnessing its occurrence. i 

The third transit of Mercury recorded by astronomers, happened on 
the 3rd of May, f661. Hevelius, who observed it at Dantzic, was asto- 
nished to find that the apparent diameter of the planet was to Atnall. 
We have seen that Gassendi estimated it to be equal to 20”; He@lius 
made its greatest value to amount only to 12”, and the mean yalue to 
6” 31, These results agree very nearly with the modern determinations 
of the apparent magnitude of the planet. ‘Phe same transit was observed 
at London by Huyghens, Street, and Mercator$. 

The fourth transit of Mercury that is recorded to have been observed, 
was that of November 7, 1677. It was witnessed by Halley at St. 
Helona, where he was then residing, as well as by several persons in 
Europe. Halley was the first who observed both the ingress and egress 
of the planet. 

The transits of Mercury that have been subsequently observed, are 
chiefly interesting on account of the indications they afford of the accuracy 
of the existing tables of the planet. With respect to the physical pheno- 
mena accompanying such occurrences, they are not of such importance as 
might be expected. It is only on a few rare occasions, indeed, that any 
peculiarity worthy of notice has been seen. In each of such instances, 
the phenomenon is manifestly referrible to some optical illusion. A brief 
description of the appearances observed during two or three transits of the 
planet will serve to confirm the truth of this remark. 

In an account of the transit of Mercury which happened on the 6th of 
May, 1753, M. De Barros, a Portuguese, who witnessed the phenomenon 
at Paris, states that when the planet was about to leave the sun's disk, he 
porceived the interior contact through a green glass placed before the 
smoked glass of his telescope (which was an excellent Gregorian reflector, four 
feet long), and that immediately afterwards, viewing the planet through the 
smoked glass alone, he found that a small thread of light was still visible 
botween the limbs of the two bodies. A sccond-interior contact of the 
planet was therefore observed at the commencement of the egress, which 
did not take place till four seconds after the first contact. A similar ap- 
pearance prescnted itself at the completion of the egress. The exterior 
contact was first observed by means of the two glasses; but upon removing 
the green glass, the planet was again brought upon the sun’s disk, and did 
not go off until six or seven seconds afterwards ||. 

The phenomena ahove referred to are, in all probability, connected with 
the irradiation of light. It has been already mentioned that the colour of 


* The transits of Mercury happen necessarily, from the heliocentric position of its 
nodes, always in May or November. When the (ransit takes place in May, the planet is 
passing through the descending node of its orbit. The occurrence of the transit in 
November indicates the passage of the planet through the ascending node. 

+ Wing, Astronomia Britannica, p. 312. 

+ “Mercurius in Sole Visus.” Gedan, 1662, p. 92. 

§ Wing, Astronomia Britannica, p. 312. This transit happened on the day of the 
coronation of Charles II, The observations of Huyghens and his companions are said by 
Wing {o have been made at Long Acre, with a telescope of excellent workmanship.- 

1 PHL Trans. 3753. n. 362. 
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the glass employed in viewing a luminous object, exercises a material in- 
fluence on the enlargement arising from this cause. The observation of 
De Barros ,was called in question by several of his contemporaries, but 
when the extraordinary phenomena of a similar nature witnessed in more 
recerit times are taken into consideration, there seems no reason to doubt 
the authenticity of his statement. 

Plantade remarked that, during the transit of 1736, the disk of Mer- 
cury, when projected upon the sun, appeared to be surrounded by « lumi- 
nous ring. A similar phenomenon has been witnessed during several 
subsequent transits. MM. Schroeter and Harding, who observed it on 
the occasion of the transit of 1799, describe it as a nebulous ring of a 
dark tinge approaching to violet colour*. A ring agreeing with this 
description was noticed by Dr. Moll, of Utrecht, during the transit of 
18824. On the other hand, many persons who observed the transits above 
mentioned, didnot perceive any indications of a ring around the planet, nor 
hhave the observations of more recent transits of the planet served to con- 
firm the existence of such a phenomenon. It is therefore very probably 
4 spurious appearance depending-upon some optical cause. 

A curious phenomenon noticed by Schroeter and Harding on the occasion 
of the transit of Mercury which occurred May 7, 1799, consisted in thé 
appearance of two small spots of a greyish colour on the disk of the 
planett. A similar phenomenon was witnessed by Dr. Moll during the 
transit of 1832, except that in this instance only one spot was visible §. 
Daring the transit of 1848, a spot was also seen on the planet's disk by 
the Rev. J. B. Reade and Mr. Dell. It is described as a greyish spot, 
shading off indefinitely on all sides from tho centrej|. It appears, also, 
from a statement made by Captain Sir Edward Belcher, R.N., to Prof. 
Powell, that it was seen in Sir James South’s great refracting telescope, 
the aperture of which (11.95 inches) had been reduced by a diaphragm 
outside to 8 inches". 

Prof. Powell has proposed an ingenious explanation of the above-men- 
tioned phenomenon, founded upon the principle of the diffraction of light **. 
Tt is a consequence naturally flowing from the theory of the diffraction of 
the object glass of a telescope, as explained by Mr. Airy, that a small - 
opaque disk, projected upon a luminous surface, should not only undergo 
adiminution of apparent magnitude, but should also exhibit one or more 
bright concentric rings in the interior, and if the disk be very small, it is 
not ditlicult to conceive that the rings might condense into a bright spot 
in the contre. Prof. Powell verified this result experimentally, by viewing 
a small opaque disk, on a ground glass, strongly illuminated behind, with 
a telescope having its aperture reduced to one-fourth of an inch. Within 
the disk he distinctly perceived a ring concentric with it, which contracted 
into a spot in the centre when the disk was very small. 

Nothing can be more satisfactory than the agreement between the 
result of the above-mentioned experiment and the phenomenon observed 
during the transit of 1848. So far the cxplanation of Prof. Powell ap- 
pears to be unexceptionable. Unfortunately, the same degree of con- 
sistency does not present itself when the question relates to the phenome- 
non of a similar nature witnessed on previous occasions of the transit of 
Mercury, Thus, although Dr. Moll saw a small spot on the disk of the 

* Mem. Ast. Soc., vol. vi. p.. 116. + Ibid. + Ibid. 


§ Ibid. Il Monthly Proc. Ast. Soc., vol. ix. p, 23. 
{ Mem. Ast. Soc., vol. xviit., p. 88. ** Ibid., p. 87. 
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planet during the transit of 1832, it is quite clear from the drawing he has 
given of its position, as well as from the terms in which he alludes to it, 
that it was not situate in the centre of the disk. The explanation of Prof. 
Powell, however, requires that the spot should be exactly in.the dentre. 
Again, we have seen that, on the occasion of the transit of 1799, tivo spots 
were seen on the disk of the planet, but, according to the diffraction theory, . 
there should be only one visible. It is manifest that the observations of 
future transits of the planet can alone throw additional light upon the 
subject. : 2 

On the occasjpn of the transit of Mercury in November, 1848, the limb 
of the planet was seen by one of the observers at Greenwich to be con- 
nected for some time with the sun’s limb by black lines, similar to those 
noticed by Mr. Buily during the annular cclipse of 1836, It is worthy 
of remark, however, that although seven other individuals observed the 
transit with separate telescopes, no such phenomenon was seen by either 
of them*. These dark lines seem’ much more difficult to explain then 
either the dark ligament or the protuberance observable when the moon 
‘ planet appears upon the solar disk wholly detached from the sun’g 

imb }. 

The transits of Venus across the sun’s disk are phenomena of much 
rarer occurrence than those of Mercury. It has been already mentioned, 
that in 1629, Kepler predicted the occurrence of a transit of this planet 
on Dec. 6, 1631. According to his calculation, it appeared that the planet 
would not enter upon the sun's disk till towards sunset; it was not im- 
probable, therefore, that the phenomenon would be altogether invisible in 
Europe. Gassendi, however, was not without hopes that in the present, 
instance, as had previously happened with respect to Mereury, there might 
be a considerable error in the calculated result, and that in reality the 
planet would begin to be visible on the sun's disk several hours earlier 
than the time assigned by the tables. Le accordingly made arrangements 
to observe the transit similar to those which he had employed so success- 
fully in the previous month on the occasion of the transit of Mercury. 
He has given an account of his fruitless observations on this occasion in 
a second letter to Schickhard. LHe intended to watch the appearance of the 
‘sun on the 4th and 5th of the month, but an impetuous stornf# of wind 
and rain rendered the face of the heavens invisible on both of those days. 
On the 6th he continued to obtain occasional glimpses of the sun, till a 
little past three o'clock in the aflerneon, but no indication of the planet 
could be discerned upon his disk as depicted upon the white circle. On 
the 7th, he saw the sun during the whole forenoon, but he looked in 
vain for any trace of the planet. It is now well known that the transit 
of the planet took place during the night between the 6th and 7th of 
December }. 

It has been mentioned that Kepler had announced that, after the transit 
of 1631, Venus would not again be seen upon the sun’s disk previous ‘to 
the year 1761. Astronomers were therefore under the impression, after 

* Monthly Proce. Ast. Soe., vol. ix., p. 69. 

+ Dr. Foster, who observed this transit at Bruges, states that the planct, when seen on 
the sun, had rather the appearance of a géofe than a disk, (Monthly Proc. Ast. Soc., vol. 
Cee A similar remark has been made on the occasion of solar eclipses, see p. 401, 

ate). 

‘ + The two letters of Gassendi to Schickhard respecting the transits of Mercury and Venus 
were published under the title of “Mercurius in Sole Visus et Venus invisa.” (Opera 
Omnia, tom, iv., p. 537, et seq.) z 
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the failure of Gassendi’s attempt to obtain a view of the planet during the 
transit of 1631, that the existing generation of the human race would long 
have passed away before another occasion would present itself of observing 
a phenomenon of so interesting a nature. In the year 1639, however, the 
planet passed again over the sun’s disk. On this occasion the transit 
took place unknown to any person living, with the exception of two in- 
dividuals who enjoyed the gratification of witnessing the phenomenon. 
The fortunate observers were Jeremiah Horrocks and William Crabtree, 
two young men residing in the north of England, devoted enthusiastically 
to the study of astronomy. Horrocks has given an accoynt of the transit 
of the planet, as seen by himself and his friend Crabtree, in an interesting 
little dissertation on the subject entitled ‘ Venus in Sole visa.” He had 
been engaged in calculating the places of the planets by means of 
Lansberg’s tables, which their author had boasted to be unequalled in 
point of accuracy; but, on comparing the results with observation, he was 
mortified to find that the discordances were of such magnitude, as to 
render his labours almost of no value. This circumstance calls forth the 
indignation of the young astronomer, who contrasts the tumid arrogance of 
the Belgian caleulator with the unobtrusive merits of the illustrious Kep- 
ler, Lansberg, with as little modesty as truth, had vauntingly cited the 
words of the Roman poet,— 


“ Quantum Ienta solont inter viburna cupressi,” 


as affording a just idea of the superiority of his tables over all other ex- 
isting labours of a similar kind. Horrocks remarks, that however inap- 
propriate the simile of the poet may be when so applied, it may be used 
very justly to represent the surpassing excellence of the MRudolphine 
Tables. Indeed, there could not be wanted a clearer indication of the 
pes of Horrocks than is afforded by the intuitive sagacity with which 

6 seems to appreciate the value of Kepler's discoveries; for it is to be 
borne in mind that the prejudices in favour of the ancient system of as- 
tronomy had not yet been wholly eradicated from men’s minds*, 

It is a curious fact, however, that the tables of Lansberg, however 
erroneous, were instrumental in revealing to Horrocks the interesting fact 
that Venus would pass over the sun’s disk in the month of December, 
1639. fle had found that Kepler's tables displaced the planet in lati- 
tude about 8’ towards the south, while on the other hand the tables of 
Lansberg indicated a much larger error in the opposite direction. During 
its conjunction with the sun in December, 1639, the planct appeared by ~ 
Kepler's tables to pass a little Lelow the sun, while, on the other hand, 
those of Lansberg brought it upon the upper part of his disk. He sus- 
pected, therefore, that the planct would actually pass over the solar disk 
towards its lower extremity, and a more complete investigation of the sub- 
ject assured him of the accuracy of his surmise. By an exact calculation 
of the time of conjunction, he found, in fact, that the planet would enter 
upon the solar disk on the 24th of November, O.S., 1639, a little before 
sunset. Owing to the shortness of the interval that was to elapse pre- 
vious to the actual occurrence of the transit, he was unable to announce 
with sufficient publicity the interesting result at which he arrived, so as 


* Montuela states, that Riccioli, Bouilfaud, and many other celebrated astronomers, who 
were contemporary with them, read Kepler's works without comprehending them, (His- 
toirerdes Mathématigues, tom. ii,, p. 254.) 
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to-induce astronomers generally to observe the phenomenon. Ife did not 
fail, however, to acquaint his friend Crabtree, who lived in the neighbour- 
hood of Manchester, with the approaching transit, and accordingly these 
tivo individuals made suitable preparations, each at his own residence, to 
observe its occurrence. 

Horrocks employed a mode of observation similar to that practised by 
Gassendi on the occasion of the fransit of Mercury in 1631, as already 
explained. He divided the diameter of the white circle upon which he 
recoived the image of the sun into 80 parts, and each of these into 4 
smaller parts, so that by supposing the apparent diameter of the sun to 
be 30’, each of the more minute subdivisions would represent an apparent 
magnitude of 15”. After rectifying the motion of the planet, he found 
“that its conjunction would not take place before three o'clock in the after- 
noon of the 24th of November. However, as all the tables of the planet 
indicated the conjunction to be earlier—some of them even made it to take 
place on the 23rd—he did not consider it prudent to trust too impticitly 
to his own calculations. He therefore did not omit to examine attentively 
the image of the sun from time to time on the 23rd. 

On the 24th he continued to observe the solar image from sunrise till 
the hour appointed for going to church*. During all this time, he saw 
nothing upon the sun except an ordinary spot of small dimensions which 
he had noticed on the preceding days, and which could not, therefore, be 
Venus. Ata quarter past three o'clock in the afternoon, as soon as he 
was again at leisure, he proceeded to resume his observations. ‘ At this 
time,” says he, “(an opening in the clouds, which rendered the sun dis- 
tictly visible, seemed as if divine Providence encouraged my aspirations, 
when, Oh most gratifying spectacle! the object of so many earnest wishest, 
I perceived a new spot of unusual magnitude, and of a perfectly round form, 
that had just wholly entered upon the left limb of the sun, so that the mar- 
gins of the sun and the spot coincided with cach other, forming the angle of 
contact.” The planet, in fact, had then entered upon the eastern limb of 
the sun, at the distance of 62° 30’ from the lower extremity of the vertical 
diameter of his disk. By a careful comparison of the relative magnitudes 
of the image and the round spot visible upon it, he concluded their 
diameters to be in the proportion of 30 to 11 or 14 at the utmost. The 
apparent diameter of the planet did not therefore exceed 1’ 12”. 

Owing to the near approach of sunset, Horrocks was unable to observe 
the planet longer than half an hour. During this brief interval, he mea- 
sured its distance from the sun three different times. Ilis observations 
of the phenomenon were made at Hoole, a small village in Lancashire, 
about fifteen miles to the north of Liverpool. 

Crabtree, who resided at Broughton near Manchester, had made ar- 
rangements for observing the transit similar to those employed by Hor- 
rocks. The sky, however, unfortunately continued overcast during the 
whole day, and he had abandoned all hopes of witnessing the phenomenon, 
when, just a little before disappearing below the horizon, the sun burst 
through the clouds. Repairing immediately to the chamber in which ho 
had made preparations to receive the image of the sun, he beheld, to his 





* The words of Horrocks on this occasion, “ad majora avocatus que utique ob hac 
parerga negligi non decuit,” manifestly have reference to religious daties, and this in- 
ference is further confirmed by the fact that the 24th of November, 1639, fell upon 
Sunday, as will be apparent to anv person bv a slisht computation. £ 
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unspeakable delight, the round black spot representing the planet depicted 
upon the white circle. According to Horrocks, he was so captivated by 
the spectacle, that he gazed upon it immovably for some time, and when 
he recovered himself, the clouds had again obscured the sun, so that he 
was unable to make any accurate measurements. He, however, drew a 
diagram of the position of the planet, which Horrocks found to agree 
exactly with his own observations. He estimated the diameter of the 
planet ‘at ;j,,ths of the solar diameter, or about J’ 3”, supposing with 
Horrocks that the latter was equal to 30’. 

Thus did two young men, cultivating astronomy together in a state of 
almost complete seclusion in one of the northern counties of England, 
enjoy the privilege of witnessing a phenomenon which human eyes had 
never before beheld, and which no one was destined again to see until 
more than a hundred years had passed away*. Unfortunately, a prema~ 
ture death deprived their country of the two individuals who exhibited 
such enthusiasm in the cause of science. Horrocks was a young man of 
extraordinary genius, whose name would assuredly have formed a house- 
hold word to future generations, if his career had not been so soon brought 
toaclose. It may perhaps not be uninteresting to mention some of the 
few fucts which are known respecting the two youthful astronomers, 

Jeremiah Horrocks was horn at ‘Voxteth, near Liverpool, in the year 
1619, of parents who appear to have been in rather straitened circum- 
stances. Having received the rudiments of instruction at his native 
place, he subsequently completed his education at Emmanuel College, 
Cambridge. About the year 1633, he seéms to have been first led to 
turn his attention to astronomical pursuits. In one of his posthumous 
fragments, he has described, with all the fervour of youthful enthusiasm {, 
the state of his feelings at this time, and the means by which he suc- 
ceeded in vanquishing the difficulties of his position; for it must be 
borne in mind that, in those days, there was no branch either of mathe- 
matical or physical scicuce taught at Cambridge. “I felt great delight,” 
says he, “in meditating upon the fame of the great masters of science, 
such as Tycho Brahé and Kepler, and sought at least to emulate them 
in my aspirations. I imagiued that nothing could be nobler than to 
contemplate tho manifold wisdom of my Creator amid so great a pro- 
fusion of works; and to behold the pleasing variety of the celestial mo- 
tions, the eclipses of the sun and moop, and other phenomena of the 
same kind, no longer with the unmeaning gaze of vulgar admiration, but 
with a desire to know their causes, and to feed upon their beauty by a 
closer inspection of their mechanism.” Serious obstacles, however, opposed 
themselves to the realisation of these ideas by Horrocks. His humble 
condition in life was by no means favourable to the tranquil prosecution 
of astronomical researches. Ee had no teacher who could:give him any 


* The transits of Venus happen invariably either in June or December, according as 
the planet is passing through the descending or the ascending node of its orbit. The 
intervals between the successive transits counted in years are—8, 1055; 8, 121}; 
8,105}; &e., &e. ‘Two transits of the planet at the ascending node will happen in the 
nineteenth century, one on Dec. 8, 1874, aud another on Dec. 6, 1882. The transit of 
1639, witnessed by Horrocks and Crabtree, is the only phenomenon of this kind that bas 
been hitherto observed at the ascending node. 

+ ‘On voit que Horrocks était jeune et enthousiaste, mais cette jeuncsse et cette 
enthousiasme annoncaient un homme vraiment distingué.” (Delambre, Hist. Ast. Mod., 
tom. ii, p. 497.) 

} Opera Posthuma, p. 2. 
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instruction in the elements of the science, nor even a companion to co- 
operate with him in his studies. But these disadvantages did not effectually 
depress his ardour. He resolved to cultivate the science alone, by the 
aid of such books as his limited means could from time to time supply 
him with. About the year 1636, he at length had the good fortune to 
obtain the acquaintance of Crabtree, who had already been engaged in 
similar pursuits. The two young friends corresponded together for several 
years on astronomicgl subjects, occasionally communicating with Samuel 
Foster of London, who was subsequently Professor of Astronomy in 
Gresham College*. In a letter dated October 3, 1640, Horrocks stated 
to his friend that he intended soon paying him a visit, but he wished pre- 
viously to bring to a conclusion his Dissertation on the transit of Venus. 
Onethe 12th of December following, he expressed in another letter his 
regret that the inconstant state of his aflairs, and the daily performance of 
duties of a harassing nature, prevented him so long from enjoying the 
gratification of a pergonal interview with his friend. At length, on the 
19th of the same month, he wrote to say that if nothing unusual should 
prevent him (nisi quid preter insolitum impediat), he would be at Brough- 
ton on the 4th of January, Alas! his expectations were not destined to 
be realised. Dr. Wallis fougd on the back of this letter a statement in 
Crabtree’s own handwriting to the effect that his dear friend Horrocks 
died very suddenly on the morning of the 3rd of January, being the very 
day previous to that on which he intended to visit him. Crabtree survived 
his friend only a very short time. Dr. Wallis, in 1672, was unable to 
obtain any authentic particulars respecting his death. ‘The general belief 
was, that ho had perished in the civil wars which soon afterwards broke 
out. 

Amid the angry din of political commotion, the name of Horrocks was 
completely forgotten, until at length, after the lapse of twenty years, the 
manuscript of his ‘Venus in Sole Visa” having been shown to several 
members of the Royal Society, which had just been instituted, a general 
feeling of admiration was excited by its perusal, and a strong. desire was 
expressed that it should be published. Huyghens, who happened to be 
then in London, was so much struck with the genius of the youthful 
author of the Dissertation that he cansed a copy of it to be taken, and trans- 
mitted it to Hevelius, who published it at Dantzic in 1662, along with his 
own “Mercurius in Sole Visus.” It does not redound to the credit of 
England, that this exquisite relic of one of her most gifted sons should 
have been allowed first to see the light in a foreign land}. Nor can 
it assuredly be urged, in extenuation of, her indifference, that its author, 


* Tt appears from Ward’s “ Lives of the Professors of Gresham College,” that Samuel 
Foster completed his education at Emmanuel College, Cambridge, so that in all probability 
he was a fellow student of Horrocks. 

+ In fact it has never since ®&en published anywhere else, Delambre expresses his 
astonishment at not finding it in the work edited by Wallis. A short postscript to the 
preface, however, serves to explain the omission. It is stated therein that Flamsteed 
purposed soon publishing a new and more correct edition of the tract “ Venus in Sole 
Visa,” from a manuscript in the author’s own handwriting. It is well known that Flam- 
steed never fulfilled the expectation thus held out respecting him. In the list of MSS. 
of Flamsteed’s, preserved in the Royal Observatory of Greenwich, and inserted at the | 
beginning of Baily’s “ Life of Flamsteed,” there is mention of a copy of Horrocks’ 
Venus in Sole Visa,” which, in all probability, is the very copy alluded to hy Wallis. 
Tf such be the case, it would be only paying a just tribute to the memory of the author to 
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less fortunate than some of his suecessors, was struck down by the re- 
morseless arm of death at the very commencement of his brilliant career. 

Having thus been made acquainted with the loss which their country 
had sustained from the premature death of Horrocks, the Royal Society 
took steps to collect together all the memorials respecting himself and 
his friend Crabtree, which might still be in existence, with a view to their 
publication. It was found-that much of what Horrocks had written was 
irrecoverably lost. Some of his papers, which, for greater security, had 
been kept im a secret place during the civil wars, were burned by a 
party of soldiers who entered his father’s house in quest of plunder. 
Some were carried to Ireland by his brother, who died there and was no 
more heard of. Auother portion, which had been deposited in a book- 
seller's shop in London, was destroyed during the great fire of 1666. The 
task of editing all the remaining fragments that could be procured was 
committed to Dr. Wallis, who was then Savilian professor of geometry 
in the University of Oxford. They were finally published at London, in 
the year 1672, under the title of “Jeremie Horroccii Opera Posthuma.” 
They consist of a defence of the Keplerian astronomy, a selection of letters 
from Horrocks to Crabtree, astronomical observations of the two friends, 
and an exposition of the lunar theory of Horrocks by Flamsteed. In the 

reface to the work, Dr. Wallis has mentionéd such facts as came to his 

nowledge respecting the life of Horrocks, no has he failed to allude, in 
terms of burning indignation, to the apathy with which for more than 
twenty years the manuscripts of the youthful astronomer were regarded 
by his countrymen*. It must be acknowledged, however, that the act 
of reparation which was finally effected forms a bright episode in the 
early history of the Royal Society, and that throughout all the proceedings 
connected with the execution of the task assigned to him, Dr. Wallis ex- 
hibited a spirit of disinterestedness and zeal which reflects the highest 
honour on his character}. / 

When the early death of Horrocks is considered, his posthumous 
fragments may be readily supposed to derive their interest rather from 
the indications they afford of what might have been expected from him 
if a longer term of life had been granted to him, than from any positive 
influenco which they were calculated to exerciso on the progress of 
physical science. In the lunar theory, however, he effected an im- 
provement which would alone suffice to obtain for him an imperishable 
reputation, His beautiful explanation of the inequality in the moon's 
longitude, termed the evection, by means of a libratory motion of the 
apsides and », variable eccentricity, was the last great step made in the 
development of the laws of the planetary movements previous to the 
establishment of the theory of gravitation by Newton; and there can be 
little doubt that it afforded material aid to that philosopher in his expo- 
sition of the general principles of perturbation as detailed by him in the 
sixty-sixth proposition of the first book of the “ Principia ” and its famous 
corollaries. Horrocks has thus won for himself a place among those great 


“ “Non possum, inquam, non indignari, pretiosum hoc spectaculum (¥enus in Sole 
Visa) nullo auro redimendum, descriptum, preloque paratum, delituisse per annos integros 
viginti duo; neminemque interea repertum esse, qui tam bellam patris mortui profem 
susciperet, qui rem tanti ad astronomiam momenti in lucem mitteret, qui nostre gentis 
fame, vel omnium commodo, eatenus inserviret.” 


+ The account of the v: ceedings connected with this matter will be found 
A Ee ee ae th eg ae ae Seabee na — end car weed Mo tus mailer wil 
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men who, from Hipparchus downwards, by their successive efforts, esta- 
blished the fundamental facts relative to the movements of the planets 
without reference to their physical cause. 

Although the posthumous works of Horrocks can only be regarded as 
mere fragments, their perusal cannot fail to excite a feeling of deep 
regret that astronomy was so soon deprived of the benefit of his labours. 
It would be inconsistent with the object of this work to attempt a com- 
plete analysis of their contents, but a glance over some of his letters to 
Crabtree may serve to confirm the truth of Delambre’s remark, that if their 
author had lived he would have proved himself the worthy successor of 
Kepler. These letters were written originally in English, but were 
translated into Latin by Dr. Wallis. 

In a letter dated November 23, 1637, Horrocks states that he had re- 
cently spent some time in meditating upon the physical principle in virtue 
of which the planets revolve in oval orbits. “ Kepler,” says he, “ attri- 
butes their movements to the action of magnetic fibres, but I entertain 
serious objections to this hypothesis. It appears to me, however, that I 
have fallen upon the true theory, and that it admits of being illustrated 
by means of natural movements on the surface of the earth, for nature 
everywhere acts according to a uniform plan, and the harmony of creation 
ts such that small things constitute a faithful type of greater things.” 

In a letter dated July 25, 1638, he ascribes the motion of the lunar 
apsides to the disturbing force of the sun. This very remarkable idea of a 
perturbative influence, exercised by the various bodies of the planctary sys- 
tem upon each other, had not yet been suggested by any philosopher, The 
circumstance of its being perfectly true in the particular case alluded to 
hy Horrocks, tends in a still greater degree to enhance the merit of the 
surmise. In the same letter he exhibits an illustration of the planetary 
movements by suspending a weight from a fixed point by a long cord, and, 
having drawn the weight a little aside from the vertical direction, apply- 
ing to it a slight tangential impulse. This beautiful experiment, ilustra- 
tive of the action of a central force, has been generally ascribed to Hooke, 
who merely reproduced it, at a meeting of the Royal Society, about thirty 
years after Horrocks had devised it*. Horrocks remarked that the pon- 
dulous body would describe an ellipse, the apsides of which would advance 
slowly in the direction of the body's motion. It did not escape his obser- 
vation that thi$ experiment did not represent the movements of the 
planets with sufficient fidelity, inasmuch as there were two perihelia and 
two aphelia, the centre of the ellipse being in fact the centre of force, 
instead of the focus, as in the case of nature. In order to make the 
parallel more complete, he supposed a gentle wind to blow constantly 
upon the pendulum in the direction of the major axis of the ellipse. If 
the representation was still imperfect, it must be admitted that the step 
here taken was at least in the right direction. Horrocks, in his researches 


* Hooke first gave an account of his experiment at the meeting of the Royal Society, 
which was held on the 23rd of May, 1666 ( Birch’s “ History of the Royal Society,” vol. if. 
p.92). It might be supposed that as Horrocks’ posthumous works were not published till 
1672, Hooke could not have been indebted to them for the original idea of the experiment, 
It appears, however, that Wallis had completed his task of preparing the writings of Hor- 
rocks for publication as early as September 21, 1664 (Birch, vol. i., p. 470). The print. 
ing of the work was deferred by the Council until the president should give his opinion 
respecting it. The circumstance of its remaining so long in manuscript arose, doubtless, 


from the impoverished state of the Society’s treasury during the early period of iv. 
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on the physical cause of the planetary movements, laboured under the 
disadvantage of having only accessible to him the erroneous ideas of Kepler 
on the principles of mechanical science. A remark, however, contained in 
the letter just cited, will serve to show that he possessed a mind adequate 
to detect the fallacy of such ideas, and to substitute others more in 
accordance with nature in their stead. Kepler had supposed the planets 
to be whirled round in their orbits by the transverse action of magnetic 
fibres; but as their revolutions round their axes seemed to him to offer 
an impediment to this action, he had recourse to the strange supposition 
of the exterior stratum alone of each planet being endued with a rotatory 
motion. IJforrocks remarked that such a supposition was totally unneces- 
sary, since the rotatory motiou of the planets conld not impede their 
motion of translation, any more than the rotation of a stone thrown with 
the hand impedes the motion which it has acquired in the direction of the 
impulse. . : 

The following passages exhibit a distinct perception of the famous 
inequality in the mean motions of Jupiter and Saturn arising from their 
mutual disturbance. It may be remarked that, throughout the whole of 
the sixteenth century and the first half of the seventeenth century, 
the mean motion of Jupiter was increasing with great rapidity in virtue 
of that inequality, while, on the other hand, the mean motion of Saturn 
was undergoing a corresponding retardation. : 

Writing on the 3rd of June, 1637, he mentions that he had at length ob- 
tained possession of the Rudolphine ‘Tables. A comparison of them with 
various modern observations convinced him that the mean motion of 
Jupiter was in reality quicker than Kepler had made it. On the 19th of 
January, 1638, he makes the same remark in nearly the same terms 
(Aiqualis motus Jovis est notabiliter velocior quam apud Keplerum). On 
the 25th of July, 1638, he proposes to correct the motion of Jupiter by 
adding 1° 80’ to the aphelion, and about 2’ to the mean longitude. Ina 
letter dated September 29 of the same year, he states that the observations 
of Jupiter made in tho time of Waltherus agree with the most recent 
observations in indicating, beyond all doubt, that the mean motion of the 
planet is more rapid than it appeared to be from the Rudolphine Tables, 
The quantity of the reccleration seemed to him to amount to 1’ in ten 
years. It was very certain, he added, that from the time of Tycho the 
mean longitude of the planet was at least 4’ or 5’ greater than the tables 
made it. On the 14th of September, 1639, he proposes to add V to the 
mean longitude of Jupiter in the beginning of 16U0, and 11’ in the begin- 
ning of 1700, with a proportional quantity in any intermediate period. In 
order to show how nearly Horrocks arrived at the true acceleration, it may 
be mentioned that the inerements which the mean Jongitude of Jupiter ac- 
tually received in the first half of the seventeenth century, during successive 
periods of ten years, were 1” 22”, 17 20", 1 187, 1 15”, 1°12”. The time 
when Horrocks lived was, in fact, excecdingly favourable for detecting the 
great inequality of Jupiter and Saturn, ou account of the rapidity with 
which it was then developing itself*. In a letter dated July 30, 1640, 





* The truth of this remark will be more apparent when it is stated that from 1800 to 
1850 the accessions to the mean longitude of Jupiter, arising from the great inequality 
during suecessive periods of ten years, were only 10'.8, 17°.0, 22".9, 28".5, and 
34'.1. These results, as weil as those of a similar nature in the text, are calculated from 
thn ararestinn tar the inanaalite oven hy Pontacnalant. ( Tidorwe Anaietiaee du Susie. 
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he still adheres to his previous conclusion. He proposes to add 5’ to the 
mean lggigitude at the beginning of 1640, and 6’ at the beginning of 
1650. ‘Throughout the whole of the current century, the mean motion of 
the planet seemed to him to be more rapid than it was according to the 
Rudolphine Tables, the acceleration being equivalent to an increase in the 
mean longitude of 1’ in ten years. ‘ Whether the acceleration will con- 
tinue or not,” says he, “I do not know; but between 1490 and 1590 the 
mean motion was sensibly more rapid than it is now.” He here seems to 
hint at the possible periodicity of the phenomenon. 

The retardation of Saturn's mean motion did not escape the sagacity 
of Horrocks, although he does not seem to have retained such a firm hold 
of the inequality as in the case of the corresponding acceleration of 
Jupiter's mean motion. On the 3rd of June, 1637, he proposes to 
subtract 4’ from the mean longitude of Saturn at the beginning of 1600. 
On the 15th of October, 1638, he writes that the observations of Saturn, 
in the time of Waltherus, indicated the mcan motion of the planet to 
be slower than Kepler had made it in the Rudolphine Tables. On the 
14th of September, 1689, he again alludes to the irregularity in the mean 
motion of the planet. “Saturn,” he says, ‘seems to experience sometimes a 
singular retardation in its motion. (Videtur Saturnus miram aliquam 
aliquando habere motus sui retardationem.) He remarks, however, that 
the phenomenon would occasion him yreater annoyance were it not that 
there was. some consolation in being probably the first who discovered 
it (nisi quod hoc aliquid solatii est, nos, credo, primos esse qui detegimus). 
He requests Crabtree to watch the phenomenon carefully by making con- 
stant observations of the planet. With respect to the truo correction 
to be applied to the Rudolphine Tables he was unable to pronounce a 
positive opinion ; ‘but if we discover anything hereafter,” says he, “the 
retardation of the planet will allow an easy correction of the Ephemerides.” 

In w letter dated July 25, 1688, he makes some conjectures relative 
to the nature and movements of comets. He supposes them to bo pro- 
jected from the sun, and to move with a continually slower velocity as 
they recede from that body, until at length they become stationary, and 
then begin to return with accelerated speed, like the sine in the circle, 
deflecting somewhat in the direction of the sun's rotation. He requests 
Crabtree to send him ‘Tycho Brahé’s observations of comets, contained 
in his Progymnasmata, in order that he might compare them with his 
hypothesis. In « letter dated September 29, 1638, he states that the 
observations of the comets of 1577 and 1590 confirmed his conjecture of 
comets in general being projected from the sun. He supposes, in accord- 
ance with Kepler’s ideas of a whirling force, that they are subsequently 
carried round the sun with a motion which is, in all probability, variable*. 

On the 3rd of October, 1640, he announced to Crabtree that he had 
undertaken the prosecution of a series of observations on the tides, in 
order that, by the aid of experiment, he might be enabled to arrive at 
some definite conclusions respecting their real nature. 





the eccentricities and inclinations of the two planets, and also those due to the square of 
the disturbing force. s: 

* Wallis, in a letter to the Royal Society dated January 21, 1664-5, states that Horrocks 
made the comet to return to the sun in an elliptical figure, or very nearly sot According 
to this hypothesis he traced the comet of 1577. He requests that the paper relative to 
this comet, being in Horrocks’ own handwriting, be carefully preserved (Birch, Hist. 

ae bs Sa a 
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On the 12th of December, 1640, he expressed to his friend a strong 
desire to obtain some of Gascoigne’s measurements of the lar dia- 
meter*, He also announced. to him that his observations of the tides 
had already revealed to him many interesting particulars. They were 
withal very regular, although subject to many strange inequalitics hitherto 
remarked by no person. He had only prosecuted his researches three months, 
but he hoped that, by continuing his observations for a year, he should obtain 
some valuable results}. In the same letter he entreats his friend to per- 
severe in his astronomical pursuits, adding, that as soon as his own affairs 
would permit, he purposed resuming his favourite studies. Alas! cre an- 
other month had elapsed, his noble spirit had fled from its mortal tencmont. 

It cannot fail to excite the admiration of the reader, thatayouth of twenty- 
two years of age should have exhibited in his rescarches such sagacity of 
thought and fertility of invention, such enlightened and judicious views 
on the various subjects which engaged his attention, and such unwavering 
confidence in the resources of his own mind. Who can doubt that, if. his 
days had been more numerous, the history of physical science in the 
seventeenth century would read very differently from what it now does, 
Justly may it be aflirmed, in the language of the illustrious editor of his 
fragments,—" Qui end tam paucis annis, auxiliis parvis, tantisque obsitus 
difficultatibus tantos progressus fecerat ; quid non fecisset, si Deus hucusque 
vitam protelavisset! si necessariis omnibus instructus, doctorum etiam 
consortio, adjutus fuisset!” : 

The utility of the transits of the inferior planets in furnishing an accu- 
yate method of determining the value of the solar parallax, was first 
pointed out by James Gregory, the celebrated mathematician, in his 
treatise entitled “ Optica Promote,” which was published at London in 
1663. As the credit due to the original suggestion of this method has 
been generally ascribed to Halley, it may not be out of place to cite 
the passage in which Gregory alludes to it. In a seholium to the eighty- 
seventh problem, the object of which is to determine the parallaxes of two 
planets by observations of their conjunctions, he makes the following 
statement :—‘*This problem has a very beautiful application, although 
perhaps laborious, in observations of Venus or Mereury when they obscure 
a small portion of the sun; for by means of such observations the parallax 
of the sun may be investigated}. It would be impossible to establish 
the claims of Gregory to priority of diScovery upon a more unequivocal 
basis than is afforded by this passage. Halley's attention was first 
directed to the subject on the occasion of his observation of the transit 
of Mercury in 1677, that is to say, fourteen years after the publication 








* Gascoigne was the original inventor of the mierometer, as will be shown in the next 
chapter, and it is to the results obtained by the use of thi: 
alludes. Crabtree had just returned from a yjsit to Gascvigne in Yorkshire, and one of 
the principal objects of Horrocks’ contemplated visit to his friend was to obtain an account 
of the very remarkable improvements in practical astroriomy which Gascoigne had re- 
cently effected. See, in the next chapter, an extract of a letter from Crabtree to Hor- 
rocks, in which there is contained an interesting allusion to the micrometer, which 
Gascoigne showed Crabtree on the occasion of this visit. * 

++ Horrocks appears to have been the first person who undertook the prosecution of a 
continuons course of observations of the tides, for the express purpose of obtaining a 
series of facts which might form the groundwork of a philesophical investigation of the 
subject. = 

+ Optica Promota, p. 150. The words in the original are :—* Hoe problema pulcher- 
rimum habet usum, sed forsan laboriosum, in obseryationibus Veneris vel Mercurii parti- 





HISTORY OF PHYSICAL ASTRONOMY. 429 


of the Optica Promota*. Whatever development the method acquired 
from him, cannot affect the merits of the original discoverer. Captain 
Smyth, while vindicating the just claims of Gregory, has truly remarked that 
Tialley needs no borrowed plumes. Even in the present instance it 
must be admitted, that the ability with which he expounded the pe- 
culiar advantages attending the determination of the solar parallax by 
observations of the transits of Venus, the earnestness with which he re- 
commended the practical application of the method, and the weight of 
his authority on questions relating to astronomical science, were mainly 
instrumental in inducing the different governments of Europe to adopt 
those liberal proceedings for observing the transits of 1761 and 1769, 
which have led to a more accurate knowledge of the dimensions of the 
solar system than could otherwise be hoped for. 

The physical appearances noticed during the transits of Venus which 
happened in the last century have given rise to a good deal of speculation, 
but it must be admitted that the conclusions arrived at upon this point 
cannot be regarded as altogether satisfactory. ‘The most remarkable of 
such appearances was that witnessed when the planet was just wholly 
within the sun's limb. It was found on the occasion of each of the tran~ 
sits of 1761 and 1769, that the interior contact of the planet with the sun 
did not take place regularly at the ingress, the planet appearing, for some 
time after it had wholly entered upon the solar disk, to be connected with 
the sun’s limb by a dark ligament. A similar phenomenon was observed 
at the egress of the planet. It was also found that, even after the planet 
had wholly separated from the sun’s limb, it did not acquire its round form 
till after the eps of several seconds. In order that the reader may form 
a more accurate conception of these phenomena, it may not, perhaps, be 
unacceptable to cite in detail a few of the observations relating to them. 

Mr. Hirst, who observed the transit of 1761 at Madras, states that “at 
the total immersion, the planet, instead of appearing truly circular, re- 
sembled more the form of a bergamot pear, or, as Governor Pigott then 
expressed it, looked like a nine-pin: yet the preceding limb of Venus 
was extremely well defined.” With respect to the end of the transit he 
yemarked, “that the planet was as black as ink, and the body truly 
circular, just before the beginning of the egress, yet it was no sooner in 
contact with the sun’s preceding limb, than it assumed the same figure 
as before at the sun’s subsequent limb: the subsequent limb of Venus 
keeping well defined and truly circular.” + 

A similar appearance was observed by Lalande at Paris, by Bergman 
at Upsal, and also by several other individuals. 

Dr. Maskelyne, who observed the transit of 1769 at Greenwich, gives 
the following description of 2 phenomenon of a similar nature witnessed 
hy him at the ingress of the planet :— . 

“The irregularity of Venus’s circular figure was disturbed towards the 
place where the internal contact should happen, by the addition of a pro- 


* James Gregory, one of the most eminent mathematicians of the seventeenth century, 
was born at Aberdeen in 1639, and died at Edinburgh in 1675, at the early ape of 
thirty-six years. He was only twenty-four years old when he published the Optica 
Promota, which,- besides the important remark alluded to in the text, contained also 
the original explanation of the principle of the reflecting telescope.  Hallcy’s earliest 
allusion to the utility of observations of the transits of the inferior planets in determining 
the solar parallax, is contained in his Catalogus Stelarum Australium, published in 
1679. He subseonently retumed tn the snhiect in the wnalumec af thea Phcinennhinn? 
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tuberance, dark like Venus, and projecting outwards, which occupied a 
space upon the sun's circumference which bore a considerable proportion 
to the diameter of Venus. Fifty-two seconds before the thread of light 
was formed, Venus’s regular circumference (supposed to be continued as 
it would have been without the protuberance) seemed to be in contact with 
the sun's circumference, supposed also completed. Accordingly, from 
this time, Venus’s regular circumference (supposed defined in the manner 
just described) appeared wholly within the sun’s circumference, and it 
seemed, therefore, wonderful that the thread of light should be so long 
before it appearcd, the protuberance appearing in its stead. At length, 
when a considerable part of the sun's circumference (equal to one-third . 
or one-fourth of the diameter of Venus) remained still obscured by the 
protuberance, a fine stream of light flowed gently round it from each side, 
and completed the same in the space of three seconds of time ; and Venus 
appeared wholly within the sun's lucid circumference. But the protube- 
rance, though diminished, was not taken away till about twenty seconds more ; 
when, after being gradually reduced, it disappeared, and Venus’s circular 
JSigure was restored, 

Dr. Bevis states in the account of his observations that “the planet 
seemed quite entered upon the disk, her upper limb being tangential to 
that of the sun; but instead of a thread of light, which he expected im- 
mediately to appear between them, he perceived Venus to be stijl con- 
joined to the sun’s limb by a slender kind of tail, nothing near so black 
as her disk, and shaped like the neck of a Florence flask. The said tail 
vanished at once: and for u few seconds after, the limb of Venus, to which 
it had been joined, appeared more prominent than her lower part, somewhat 
like the lesser end of an egy, but soon resumed its rotundity.”+ 

The Rey. Mr. Hirst thus describes the appearance presented during 
the transit :—‘ The same phenomena of a protuberance which I observed 
at Madras in 1761, at both internal contacts, I observed again at this last 
transit. At both times the protuberance of the upper edge of Venus 
diminished nearly to a point before the thread of light between the con- 
eave edge of the sun and the concave edge of the planet was perfected, 
when the protuberance broke off from the upper edge of the sun: bue 
Venus did not asswne its circular form till it had descended into the solar 
disk some distance }. 

Mr. Dunn, who observed the transit at Greenwich, remark’ that “he 
saw the planet held as it were to the sun’s limb by a ligament formed of 
many black cones whose bases stood on the limb of Venus, their vertices 
pointing to the limb of the san."§ 

Mr. Pigott states that Venus, before she separated from the sun, was 
considerably stretched out towards his limb, which gave the planet nearly 
the form of a pear; and even after the separation of the limbs, Venus was 
twelve or more seconds before she resumed her rotundity.” || 

With respect to the physical cause of the phenomena above referred to, 
the most probable hypothesis of their origin is that which attributes them 
to the influence of irradiation, Lalande first shewed that the dark liga- 
ment connecting the limbs of the planet and the sun might be satisfacto- 
rily accounted for upon this principle‘. ‘The most consistent explanation 
that can be given of the protuberance on the limb of the planet, when it 
appeared wholly separate from the sun's limb, is that proposed by Prof. 
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Powell in the malogous case of annular eclipses. The appearance 
noticed by Mr. Dunn seems to be totally inexplicable, unless it be 
assimilated to the dark lines witnessed during the annular eclipse of 
1886, and other similar occurrences, 

It was remarked by several observers of the transits of 1761 and 1769, 
that both at the ingress and egress, the portion of the limb of the planet 
that was off the sun, was visible by means of a faint light surrounding it 
in the form of a ring. La Chappe, who observed the transit of 1761 at 
Tobolsk, in Siberia, states that the light of the ring was of a very deep 
yellow near the body of the planet, but that it became more brilliant 
towards the outer border *, MM. Stromer, Mallet, Bergman, and Melander, 
who observed the same transit at Upsal, remarked that when three-fourths 
of the planet's limb had entered upon-the sun, the remaining fourth was 
visible by means of a faint ring which appeared around it}. A similar 
phenomenon was observed on the same occasion by Wargentin at Stock- 
holm, by Planman at Cajainbourg, and in several other instances t. 

Dr. Maskelyne, who observed the ingress of Venus upon the sun's disk 
at Greenwich on the oceasion of the transit of 1769, states that, when the 
planet was little more than half entered upon the sun, he saw her whole 
circumference completed, by means of a vivid but narrow and ill-defined 
border of light, which illuminated that part of her circumference that was 
off the sun, He adds that it disappeared two or three minutes before the 
internal contact§. A similar phenomenon was witnessed during the same 
transit, by Wales and Dymond at Hudson's Bay {, by Pingre and De 
Fleurieu at Cape Francis in the Island of St. Domingo®, and by various 
other observers in different places. 

Several of the observers of the transits of 1617 and 1769 remarked 
that, when Venus was wholly entered upon the sun, there appeared a faint 
ring around her limb. "Dunn, in his account.of the transit of 1769, 
describes it as a lucid annulus about five or six seconds in breadth, some- 
what dusky towards the limb of the planet, and at the outer margin tinged 
a little with blue **. Mr. Hitchins, alluding to the same phenomenon, 
states that it was excessively white and faint, and that it was brightest 
towards the body of the planet +. Nairne asserts that it appeared brighter 
and whiter than the body of the sun tt. 

It is worthy of remark that, in aeneral, those individuals who observed a 
faint light around the part of the limb of Venus that was off the sun, on the 
occasion of the transits of 1761 and 1769, do not seem to have perceived the 
complete annulus around the limb of the planet when it was wholly entered 
upon the sun’s disk. On the other hand, most of those observers who 
witnessed the latter phenomenon do not make any allusion to the former 
as having been seen by them. The observations of La Chappe, Maskelyne, 
and several other individuals, are very clear upon this point. It would 
seem, therefore, that the two phenomena are not of the same nature. With 
respect to the physical origin of either, no satisfactory explanation has yet 
been offered. The appearance noticed when the planet was only partially 
on the sun, has a strong analogy to that alluded to by M. Arago and 
several other persons in France relative to the visibility of the whole of 
the moon's limb during the progress of the total eclipse of the sun of 


* Mém. Acad, des Sciences, 1761, p. 363. + Ibid., p. 364, ¥ Ibid. 
§ Phil. Trans., 1768, p. 837, {| tbid., 1769, p. 482. 4 lbid., 1770, p. 498. 
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July 8, 1842. If it be assumed that the atmospheric light diminishes 
with such rapidity from the sun’s limb that the light of the solar atmo- 
sphere forms an aliquot fraction of it at a very small distance from the limb, 
it may then be inferred, as in that case, that the visibility of the planet's 
limb ‘arises from the obscurity of its surface, when contrasted with the 
brightness of the ground upon which it appears projected. Such a supposi- 
tion, however, is by no means probable. The faint ring that was seen by 
some observers around the planet's limb when it had wholly entered 
upon the sun’s disk, has been supposed to indicate the existence of an 
atmosphere about the planet, but the various statements respecting’ its 
appearance are not sufficiently consistent with each other to warrant 
such a conclusion, although at the same time it seems to be justified by 
other considerations, to which allusion has already been made in a former 
chapter. 

Sometimes the planets are eclipsed in consequence of the moon passing 
between them and the earth. The earliest recorded phenomenon of this 
nature is an occultation of Mars by tho moon, which Aristotle makes 
mention of in one of his works. He states that when the moon was half- 
full, tho planet entered behind the limb on the unenlightened side, and 
subsequently emerged on the bright side *. Kepler calculated the date 
of this occultation, and found that it occurred on the night of the 4th of 
April in the year 357 a.c. t. The rapid and tortuous motion of the moon 
produces occasional occultations of this nature, but they are not of much | 
importance to the astronomer, It was expected that the circumstances 
accompanying such occultations would serve to throw light upon tke much- 
disputed question of the existence of a lunar atmosphere, byt no such 
advantago has hitherto been derived from them. 

The occultation of a star by the moon is a phenomenon which, although 
of frequent occurrence, never fails to prove intresting. When the dark 
limb of the moon comes up to the star, the occultation is invariably found 
to take place instantaneously, whence it is manifest that the apparent 
magnitude of the star must be excessively small. The effect in such cases 
js most striking when the whole body of the moon is invisible, as occa- 
sionally happens when she is totally eclipsed. A phenomenon of this 
Kind was witnessed by Wargentin during the lunar eclipse: of May 18, 
1761, to which allusion has already been made. Previous to the total 
disappearance of the moon, he perceived a star near her eastern limb, 
which scemed to be about to undergo occultation. He therefore followed 
it with great attention until at length, at 10% 52™ 895, when even the 
faintest trace of the moon had ceased to be yisible, it vanished in less than 
the twinkling of an eye }. 

Occultations of stars by the moon serve to fix the apparent position of 
the latter body with great accuracy, and in consequence they have proved 
very serviceable in correcting the elements of her motion. For a similar 
reason they are of great use in determining the differences of longitude of 
places on the earth’s surface. : 

' A singular phenonienon of a physical nature is sometimes ober 
the occasion of an occultation of a star. When the limb of the moon has 
come up to the star, the latter appears to advance upon the moon's disk, 
continuing visible in this manner for several seconds previous to its oc- 


* De Colo., jib. ii., cap. 12. + Ad. Vitellionem Patatipomena, p. 307. 
+ * Oculi ictu citins” (Phil, Trans., 1761, p. 210). 
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cultation* . No satisfactory explanation of this strange anomaly has hitherto 
been advanced by any person. One of the most recent, as well as one of 
the most specious modes of accounting for its physical origin is due to 
Prof. Stevelly. According to the hypothesis proposed by him, the phe- 
nomenon is purely an effect of the diffraction of light. Newton had 
shewn by experiment that the rays of light which pass very near the 
edge of a body are bent away from it, so as for a short distance to describe 
curves which are convex with respect to it. Prof. Stevelly conceives the 
visible contour of the moon to be such a diffracting edge to the slender 
beam of light which reaches the eye from a fixed star. Under such cir- 
cumstances, it is manifest, from the convexity of the course pursued by 
the beam of light while under the influence of the diffracting force, that 
its final direction when it enters the cye ought, if produced toward the 
moon’s surface, to full within her limb +: 

If the above explanation were true, the phenomenon ought to be visible 
on the occasion of every occultation of a star by the moon. Such, how- 
ever, is far from being the case. This is a defect which may be said to 
characterise in a greater or less degree all the explanations that have 
hitherto been offered relative to a phenomenon, which is manifestly 
an optical illusion, although its true source is not easy to be discovered. 

Sometimes the plauets occult one another in the course of their motion 
round the sun. Such phenomena, however, are manifestly of very rare 
occurrence, Kepler states that on the 9th of January, 1591, Mestlin 
and himself witnessed an occultation of Jupiter by Mars. The red colour 
of the latter on that occasion plainly indicated that it was the inferior 
planet f. He also’ mentions that on the 3rd of October, 1590, Mestlin 
witnessed an occultation of Mars by Venus. In this case, on the other 
hand, the white colour of Venus afforded a clear proof that sho was the 
nearer 8f the two planets to the carth §. It is to be borne in mind that 
these observations were made before the invention of the telescope, so that 
it is doubtful whether in cither of these cases the one planet was actually 
superposed above the other, for the peculiar colour of the light might 
aise simply from the predominating influence of the brighter planet ||. 

Sometimes there happen occultations of the fixed stars by the planets, 
On the Ist of October, 1672, the planet Mars eclipsed a star in the con- 
stellation Aquarius. Cassini, who was then engaged in researches on the 
parallax of Mars, had previously resolved to observe this interesting phe- 
nomenon, but he was prevented by cloudy weather from effecting his ob- 
ject. Phenomena of a similar nature have occurred in more recent times, 
but no phySical consequences have been deduced from them. 


* See a collection of observations of this nature in a paper by Sir James South on 
the occultafton of 3 Piscium by the moon (Mem. Ast, Soc., vol. iii, p. 303, et seq), 

t Brit. Assoc. Rep., 1845.” ( Trans. of the Sections, p. 5.) 

+ Ad Vitellioncm Paralipomena, p. 305. § Ibid., p. 805. 

| For an account, by Dr. Bevis, of an occultation of Mercury by- Venus, on May 17, 
1737, see the Philosophical Transactions for 1737, p. 394. On this occasion, the inte- 
resting phenomenon alluded to by Kepler does not seem to have been remarked by any 
obsewver. 
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CHAPTER XVIIL 


Early Methods of observing the Celestial Bodies.—Instruments of the Greek As- 
tronomers.—Accurate Principles of Observation first employed by the Astronomers of 
the Alexandrian School—Improvements effected by Hipparchus.—Ptolemy substitutes 
the Quadrant for the Complete Circle—Arabian Astronomers.—The Method by 
which they indicated the Time of an Observation.—Revival of Practical Astronomy in 
Europe.—Labours of Waltherus—Tycho Brahé.—Landgrave of Hesse.— Hevelius.— 


Close of the Tychonie School of Observation.—Observatory of Copenhagen estab+ - 


lished.—The Pendulum applied to clocks by Hvyghens.—The Royal Society of 
London, and the Academy of Sciences of Paris, established.—Invention of the Micro- 
meter.— Application of the Telescope to divided instruments.— Observatories of Paris 
and Greenwich established.—Labours of Roemer.—Transit Instrument invented, — 
The use of Circular Instraments for taking Altitudes introduced,—Labours of Flam- 
steed and Halley.—Royal Observatory of Paris.—Commencement of the era of 
accurate observation, — Bradley.—Lacailie.— Mayer. Maskelyne.— Pond. — Airy. 
Reduction of Planetary and Lunar Observations. Present state of Practical As- 
tronomy. 








° 

Tae history of astronomy does not exhibit a more interesting picture 
than that which represents the progress of the art of observation, from the 
rude essays of early ages to the refinement and precision which cha- 
racterise its present state of advancement. The Chaldeans, to whom the 
origin of astronomy is usually ascribed, do not seem to have attained any 
excellence in this important departnent of the science. Their obscrva- 
tions of eclipses of the moon, as cited by Ptolemy in the Syntaxis, are as 
rude as can possibly be imagined. ‘Uhe time is expressed only in hours, 
and the quantity eelipsed in terms of the half and quarter of the moon's 
diameter. Herodotus states that the Greeks were indebted to the Baby- 
lonians for the pole, the gnomon, and the division of the day into twelve 
hours. The pole seems to have been a concave hemispherical sun-dial, 
having a vertical style in the centre, by means of which the interval in- 
cluded between, s@nrise and sunset, for each day throughout the year, was 
divided into twelve equal parts. “Lhe construction of such an instrament 
does not require any acquaintance with the principles of trigonometry or 
dialling; it merely implies a knowledge of the uniform motion of the 
celestial sphere. Lhe guomen, besides being an imperfect instrument for 
astronomical purposes, is limited in its application. It is probable that, 
by the use of it, the Chaldeans succeeded in obtaining an approximation to 
the longth of the solar year, but there is not the smallest reason to sup- 
pose that they employed it in determining any other of the fundamental 
facts of astronomy. Indeed, they de not secu to have made observations 
at all fur the purpose of forming materials to serve as the groyndwork of 
fature reasoning. ‘They simply contented themselves with noting the 
more remarkable phenomena as they occurred, and hence deducing a few 
rough conclusions of a general nature. It is manifest that so long as 
astronomy continued to be cultivated in this manner, it could not attain a 
high state of perfection. 

The Greek philosophers were too much preoccupied with the idea of 
arriving at final conclusions on all subjects by the mere force of abstract 
discussion, to devote their attention to the prosecution of astronomical 
observations, It would appear, however, that by comparing together tho 
Chaldean records of eclipses, extendizg over a long succession of ages, 
some of the earlier of the Greck mathematicians ascertaimed with von- 
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siderable accuracy several periods relating to the motion of the moon. The 
earliest astronomical observation recorded as having been made by the 
Greeks previous to the establishment of the Alexandrian School, is a deter- 
mination of the summer solstice by Meton, in the year 430 a.c. The 
instrument, termed a heliometer, which was used by Meton on this oc- 
casion, was, in all probability, no other than a modification of the g@nomon. 

The date of this solstice has been chosen for the epoch of the Metonic 
cycle of nineteen years, which is employed in regulating the occurrence of 
religious festivals. 

* A new era commenced in the history of astronomical observation when 
Alexandria became the capital of the civilised world. Under the liberal 
patronage of the Ptolemies a magnificent building was erected, in which 
were deposited circular instruments for determining the positions of the 
heavenly bodies, and every facility was given to astronomers for prosecuting 
a continuous series of observations. ‘Timocharis and Aristillus are the 
earliest individuals mentioned in connexion with this school. ‘These astro- 
homers appear to have flourished about the year 300 a.c. Ptolemy cites 
several of their observations in the Syntaxis. Among these are the de- 
clinations of a few of the principal stars. It is evident that such results 
could not be established without a knowledge of the position of the 
equator in the celestial sphere. Jt does not appear that the earlier astro- 
nomers of the Alexandrian School were acquainted with any method for 
determining the right ascensions of the stars. At any rate Pto emy does 
not cite any observations of this kind as having been made by them. Indeed, 
there are no grounds for supposing that they knew the exact position of 
the equinoctial colure upon which the right asccnsion of a star depends. 
It iso remarkable fact, however, that Hipparchus was’ enabled by means 
of certain eclipses of the moon, observed by Timocharis, to determine the 
place occupied by the equinox among the stars in the days of that astro- 
nomer. Thus, Ptolemy states that Hipparchus having compared soveral 
eclipses of the moon, observed very accurately Ify himself, with other more 
ancient eclipses, observed by 'Timocharis, found that whfe.the bright star, 
Spica Virginis, preceded the Autumnal equinox 8° in the time‘of the last- 
mentioned astronomer, it preceded the same equinox only 6? in his own 
time *. No account whatever is given of the process by which these 
interesting results were arrived at. 





* Syntaxis, lib. vii., cap. ii. With respect to the mode in which Hipparchus determined 
the place of the equinox by means of his own observatians of eclipses of the moon, it was 
doubtless the same as that which will be presently alluded to in the text. But it is diffi- 
cult to imagine by what process he was enabled to deduce a similar result from the obser« 
vations of Timocharis, since there are no grounds for supposing that the latter astronomer 
possessed an intrument for measuring the difference of the right ascensions of two 
celestial bodfes. It is probable that if a bright star happened to be very near the moon at 
the time of an eclipse, its position in the direction of the zodiac with respeet to that body 
was roughly determined with the instrument employed in measuring the declinations of 
the stars, and the result recorded as part of the observation of the eclipse. It is not 
difficult to conceive that an instrument composed of a circle fixed in the plane * 

» of the equator, and another circle of equal magnitude moveable about. its poles, 
might serve for the approximate measurement of the difference of the right ascension of 
two celestial bodies situate very near the equator. The earlier astronomers of the Alex- 
andrian School, in all probability, did ot contemplate any definite object in noting the po- 
sitions of the stars in the vicinity of the moun during the eclipses of that body. "Indeed, 
it would have been impossible to deduce the place of the equinox among the stars from 
such results. even if- they had been accurately determined with the actenlaha. fae sh 
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We owe to Eratosthenes, another of the astronomers who observed at 
Alexandria, the earliest determination of one of the most important 
elements of astronomical science. This astronomer is said to have mea- 
sured the distance between the tropics, and to have found it to be equal 
to £4 parts of the circumference of the circle. This gives 28° 5119.5 
for the obliquity of the ecliptic—a result which exhibits a remarkable agree- 
ment with that assigned by the theory of gravitation, as the true value of 
the element, in the age of ratosthenes. 

It is manifest that neither the distances of the stars from the equator, 
nor the obliquity of the ecliptic, could have been determined even roughly * 
without the use of instruments. The information which Ptolemy has 
supplied upon this subject is cxceedingly scanty. Jn treating of the ob- 
liquity of the ecliptic, he describes au instrument for determining the 
meridional altitude of the sun. It was composed of two concentric circles, 
placed exactly in the plane of the meridinn, one of which revolved within 
the other about their common centre. The inner circle carried two small 
prisms attached to the opposite extremities of a diameter, and when the 
sun was on the meridian, it was turned round until the shadow of the 
upper prism fell exactly upon the lower one. An index, affixed to the 
latter, then tnarked upon the graduated limb of the outer circle the 
meridional altitude of the sun*. It was, in all probability, by means of 
an instrument of this construction that Eratosthenes determined the 
altitnde of the sun at each of the solstices, and hence deduced the distance 
between the tropics, the half of which distance gives the obliquity of the 
ecliptic. . 

rom the observed altitudes of the sun at the summer and winter solstices, 
it was easy to infer the position of the equator in the celestial sphere. In 
order to ascertain the passage of the sun through the equinox, a circular ring 
of metal was disposed in the plane of the equator, and the shadow of the 
upper half was watched until it fell upon the inner or concave surface of 
the lower half. As the shadow did not cover the entire breadth of the 
surface on which it fell, it is manifest that the instant when the surface was 
equally illuminated on each side of the shadow, indicated the presence of 
the sun in the plane of the equator. Ptolemy cites a passage from Hip- 
parchus, in which thet astronomer refers to two circles of this description 
that were used at Alexandria for observing the passage of the sun through 
the equinoxes. ‘They were constructed of copper, and were placed in the 
square portico of the Museum t. 

Ptolemy has given no account of the instrument by mcans of which 
the earlier astronomers determined the distances of the stars from 
the equator. It in all probability resembled, in principle, the astrolabe 
which Hipparchus employed at a subsequent period in observing the stars, 
only it was more simple in construction, since the use of it was confined 
to one measurement relative to each star. In fact, if we suppose a circle 
to be placed in the plane of the equator, and another circle of equal mag- 
nitude to be movable around its poles, the distance of each star from tho 
equator would be ascertained by turning the latter civele round until the 
star appeared in its plane, and then noting the place of the star on its 
divided limb. 

Whatever credit- may be due to the carlier astronomers of the Alex- 
quainted with any method of reducing the motion of the sun to calculation until Hippar- 


chus undertook bis researches on the subject. 
* Syntaxis, lib. 





Ibid., lib. iii., cap. ii, 
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andrian School for the sound principles of observation which they appear 
to have practised, as well as for the care with which they determined some 
elements of fundamental importance, it is to Hipparchus alone that the 
establishment of astronomy, as a science of calculation based upon ob-~ 
served facts, is to be attributed. The mode in which he availed himself 
of the results of observation, in the execution of this great work, is in the 
highest degree interesting. One of the most important elements of astro- 
nomical science is the length of the tropical year. Hitherto it had been 
. supposed to consist exactly of 365} days. Hipparchus, however, having 
compared a solstice observed by himself with one observed by Aristarchus 
147 years earlier, found that the sun arrived in the same place 12 hours 
sooner than he ought to have done, if the year had consisted exactly of 
365} days. He, therefore, concluded that the true length of the year was 
less than this quantity by ;4,th part, and consequently he determined it 
to be equal to 8654 5" 55™ 12%, This is the carliest example, in the 
history of astronomy, of the correction of a fundamental fact of the sci- 
ence by the comparison of two distant observations. The result obtained 
by Hipparchus on this occasion exceeds the true length of the tropical 
year by about six minutes; but the magnitude of the error is not to be 
wondered at, when the difficulty of determining the exact instant of the 
solstice is taken into account *. 

Another beautiful example of the simplicity of the means employed by 
Hipparchus in establishing the basis of his theories, is exhibited in his re- 

-searches on the elements of the solar orbit. Having found that an interval 

of 944 12h elapsed between the vernal equinox and the summer solstice, 
while only 924 12h were included between the summer solstice and the 
autumnal equinox, he from these two facts deduced the eccentricity of the 
solar orbit, and also-the place of the apogee. His mode of deriving the 
analogous elements of the lunar orbit from three observed eclipses of 
the moon, is also equally worthy of admiration. 

This illustrious astronomer did not content himself with merely ob- 
serving the moon on those occasions during which she was eclipsed, and 
determining her place in the heavens by means of the sun, which was then 
opposite to her. He also observed her position in other parts of her 
orbit by means of the astrolabe, an instrument of which he is supposed, 
with great probability, to have been the original inventor}. Ptolemy 


* The equinoxes admit of thore accurate determination than the solstices, but there 
were no early observations of this kind accessible to Hipparchus, He did not fail, how- 
ever, to observe several equinoxes with great care, in order that the results might serve as 
useful materials, at some future period, for the advancement of astronomical science. Pto- 
Jemy, coming 160 years after Hipparchus, might have deduced a further correction to the 
length of the tropical year, but he has sadly damaged his xeputation as an observer by his 
researches on this subject. Lalande, however, by comparing 9 equinoxes determined by 
Hipparchus, with the observations of modern astronomers, has obtained, 3654 5" 48” 48° 
for the length of the tropical year; a result which does not perhaps differ one second from 
the true value. (Mén. Acad. des Sciences, 1782, p. 249.) 

+ Certain passages in the works of Pliny and several other ancient writers, concur 
in supporting this assertion. But, indeed, apart from all positive statements, there is a 
strong presumption that Hipparchus was the inventor of the astrolabe, since it is almost 
impossible to conceive that it could be of any service to astronomy previous to his time. 
Thus, one of the objects of the astrolabe was to determine the longitude of the moon 
relative to the sun in different parts of her orbit; but no such observations were made by 
the earlier astronomers, since they were unacquainted with any theory of the moon’s 
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has given a description of tho astrolabe in the beginning of the fifth 
book of the Syntaxis. It was used for the purpose of determining the 
latitude of a celestial body, and its longitude relative to another body, 
with which it was compared, whose absolute longitude was known. Two 
equal circles, whose planes were perpendicular to each other, were firmly 
fastened together, and were so disposed that the one represented the 
cclestial ecliptic, and the other the solstitial colure. At the points of the 
solstitial circle, corresponding to the poles of the ecliptic, there were 
placed two cylinders, which projected both within and without the circle. 
To the outer cylinders was adapted a movable circle of latitude, the in- 
terior of which coincided exactly with the exterior of the solstitial circle. 
A similarly movable circle was adapted to the inner cylinders, which was 
go construgted as to be embraced exactly by the concave surface of the 
solstitial circle. ‘The whole machine was made to turn round the two 
points in the solstitial colure corresponding to the poles of the equator, 
and its position was adjusted by directing tho axis of revolution to the 
poles of the celestial equator. 

When it wis required to determine the position of a celestial bedy 
with this instrament, by means of another body whose position had been 
already ascertained, the exteridr circle was made to revolve until the latter 
body appeared in its plano, and the interior circle was similarly directed 
to the body whose position was to be found. The distance between these 
two circles, measured upon the ecliptic, then gave the difference of the 
longitudes of the two bodies, and the distance of the second body from 
the ecliptic, measured upon the interior circle, gave its latitude *. 

The astrolabe thus constructed served to determine the position of a 
celestial body bysmeans of its longitude and latitude. It is manifest that, 
by placing a circle in the plane of the equator, the same object might be 
accomplished with still greater facility by observing the right ascension 
and declination of the body Hipparchus must have used the astrolabe in 
this form in the early part of his career, since it is by means of their right 
ascensions and declinations that he originally indicated the places of the 
stars. He was doubtless induced to abandon this practice upon his 
discovery of the precession of the equinoxes, since an obvious advantage 
then appeared to result from the designation of the place of a star by its 
longitude and latitude. * 

It docs not appear that regular observations of the moon were made by 
any astronomer previous to lfipparchus. The earlier observers confined 
themselves to notices of eclipses and occultations, and it was by an exami- 
nation of records of the former class of phenomena, extending over a long 
succession of ages, that the Greek mathematicians arrived at those secular 
periods relative to the moon's mean motion, which Ptolemy has alluded to 
in the Syntasis. Hipparchus also, as has been already mentioned, de- 
duced the elements of the lunar orbit from observations of eclipses, and 
so long as he confined his researches on the moon's motion to her syzygees, 








or longitudes of two stars. Such observations would have been of no value unless it had 
been possible, in each case, to ascertain also the absolute place of either of the stars with re- 
spect to the equinox. This, however, could not be effected without the use of solar tables 
(at least according to any method known im ancient times), and such were not available to 
the earlier astronomers of the Alexan rian School, since Hipparchus was the Erst who 
established the theory of the sun’s apparent motion. 

* The place of the star upon the interior circle of latitude was determined by means 
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he found a satisfactory agrecment between the results of theory and those 
of observation. But when he was cnabled by means of the astrolabe to 
observe the position of the moon in other parts of her orbit, and more 
especially in the quadratures, he detected a series of discordances between 
her actual and computed places, which seemed irreconcilable with the 
theory of her motion as established by him. The trv® explanation of 
these anomalies was reserved for Ptolemy; but it must be borne in mind 
that Hipparchus first detected their existence, and that he also executed 
a great number of the obscrvations which served as the basis of Ptolemy's 
researches on the subject*. 

Hipparchus did not fail to make numerous observations of the planets, 
which at a subsequent period formed precious materials to Ptolemy in 
establishing the theory of their movements. But the most.remarkable 
result which crowned the labours of this great astronomer was his dis- 
covery of tho precession of the equinoxes. It was doubtless with the 
view of enabling posterity to arrive at a more accurate knowledge of this 
singular phenomenon, that he conceived the grand design of determining 
the positions of all the stars visiblo in the firmament, so as to give a 
faithful representation of the celestial sphere as it appeared in his time. 
It was necessary for this purpose to determine the exact place of either 
of the cquinoxes among the stars, but a serious obstacle stood in the way 
of effecting this object. The position of the equinox in the celestial 
sphere is determined by the passage of the sun across the equinoctial 
circle; but when the sun is above the horizon there are no stars visible 
whose position might be determined with respect to him, and when the 
stars have become suitable objects for observation, the sun has already 
disappeared. This seems to have formed an insuperable impediment. to 
the carlier astronomers in their endeavours to ascertain the absolute right 
ascension or longitude of a star. Mipparchus devised two distinct modes 
of obviating this difficulty. One of these was by observations made 
during eclipses of the moon. Since the angular distance between the 
sun and moon is exactly 180° on all such occasions, it follows that the 
place of the moon during an eclipso is directly deducible from that of 
tho sun; and as the place of the sun with respect to the equinox is known 
ly the solar tables, the place of the moon with respect to the equinox 
hence becomes known also. It is clear, then, that if the difference of the 
longitudes or the right ascensions of the mooy and a star be determined 
with the astrolabe during the occurrence of a lunar eclipse, the absolute 
position of the star with respect to the equinox may hence be ascertained +. 


* It is a curious fact that the incquality here referred to, termed the evection, confounds 
itself in syzygees with the elliptic inequality or the equation of the centre. Hence it hap- 
pened that observations confined exclusively to eclipses failed to indicate its existence. 
Ptolemy, in his preliminary exposition of the inequality, cites two observations, one by 
Hipparchus and the other by himself, both made wher the moon wasin the second quadra- 
ture. The observation of Hipparchus is of so exceptional a nature, that it is impossible 
not to conclude that it was taken from a great mass of observations, although Ptolemy 
himself is silent upon this point. In the first,place the apsides were in syzygees; secondly, 
the maqon was in quadratures; thirdly, she was in the nonagesimal, or that point in her 
diurnal course at which the effect of her parallax took place wholly in latitude. (Syntazis, 
lib. v., cap. iii.) With the view of confirming his explanation of the inequality, Ptolemy 
subsequently ciles two additional observations of the moon, both of which are in this case 
by Hipparchus, (Syntavis, lib. v., cap. v.) 

+ If an eclipse of the moon happened when the sun was in either of the equinoxes, 
the moon would necessarily be in the opposite equinox, and hence the position of the 
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This method, however ingenious, laboured under the disadvantage of 
being practicable only on rare occasions. The other method contrived 
by Hipparchus for attaining the same end was more general in its appli- 
cation. When the sun was still above the horizon, he determined the 
difference of the longitudes of the sun and moon with the astrolabe, and 
as soon as the st&r became visible after sunset, he ascertained, in a similar 
manner, the difference of the longitudes of the moon and star. It is clear 
that from these: two observations he obtained the difference of the longi- 
tudes of the sun and star, taking into account the correction due for the 
motion of tle moon during the intermediate interval; and as the place of 
the sun with respect to the equinox was known by the solar tables, he 
hence deduced the absolute longitude of the star.” When the longitude 
of one star was accurately found by this process, the longitude of any 
other star might be directly derived from it by simultaneous observations 
of both stars with the astrolabe. It was thus that the genius of Hippar- 
chus triumphed over a difficulty which long appeared to be insurmount- 
able, and thereby enabled him to effect with complete success one of the 
most stupendous undertakings recorded in the annals of science. 

Ptolemy, although the most eminent astronomer of antiquity, after 
Hipparchus, does uot rank high as an observer. It has been ‘already 
mentioned that his catalogue of the stars has been strongly suspected to 
be no other than the catalogue of Hipparchus, reduced to his own time by 
the application to all the longitudes, of what he conceived to be the true 
quantity of the alteration occasioned by the precession of the equinoxes. 
An examination of his labours on other subjects of astronomy tends to 
confirm this impression, He nowhere enters into that minuteness of 
description which indicates a bond fide observer anxious to persuade his 
readers of the excellent qualities of his instrumeuts, and of the precautions 
which he employed to ensure the accuracy of his results. But what is 
most to be deplored is his suppression of all the ancient observations, 
including those of Hipparchus, with the exception of the few which 
squared with his own calculations. The loss of these precious materials 
has involved many interesting points of the ancient astronomy in impene- 
trable obscurity. 

An account has been given of the circular instrament employed by the 
ancient astronomers in determining the meridional altitude of the sun. 
Ptolemy rejected the complete circle, adopting in its stead a quadrant, 
which he considered to be preferable. The verticality of the instrament 
was established by means of the plumb-line. A small cylinder fixed at the 
centre threw its shadow upon a similar body which moved along the divided 
limb, and thereby indicated the altitude of the sun *. The Greek astro- 
nomers appear to have divided their instruments only to every ten minutes. 
It is remarkable that Ptolemy does not describe any method for placing 
his instruments in the plane of the meridian. 

Ptolemy's substitution of the quadrant for the complete circle was a 


ing stars. Even if the eclipse occurred @ few days before or after the equinox, the place 
of the sun, and consequently that of the moon, might still be determined within the limits 
of the errors of the ancient observations, by supposing the sun to revolve uniformly round 
the earth in 865} days. It is possible that Timocharis may have found in this manner 
that the star Spica Virginis preceded the autumnal equinox 8° in his time, but it is 
more probable that Hipparchus, who cited this fact as a proof of the precession of the 
equinoctial points, was in reality the individual who first established its existence by a dis- 
cussion of the eclipses of the moon observed by Timochans. and the use of hie orn eofar 
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retrograde step in practical astronomy. This circumstance, however, 
was generally overlooked by all his successors down to the time of Roemer, 
who has the merit of being the first to restore the use of the circle in 
astronomical observations. Indeed, it is only in our own day that the 
quadrant has been definitively abandoned by astronomers as an essentially 
imperfect instrument for determining the apparent positions of the celes- 
tial bodies. 

Although Ptolemy does not scem to have been an observer of the first 
order, he possesses many claims to the admiration of posterity. Abundant 
proofs of his sagacity are to be found in his great work, the Mathematica 
Syntazis, but his discovery of the inequality in the moon’s longitude, termed 
the evection, by a comparison of his own observations and those of Hip- 
parchus with the computed places of the moon, would alone entitle him 
to be ranked with the greatest astronomers of ancient or modern times. 

Very little is known respecting the mode in which time was measured 
by the ancient astronomers, In the daytime this object seems to have 
been effected by means of dials. © During the absence of the sun they 
used clepsydras of various sorts, but all such contrivances were found to 
be very imperfect, on account of the unequal flow of the water. In some 
instances the time of an observation was indicated by the point of the 
zodiac which was on the meridian. This method, when practicable, was 
doubtless preferable to any other with which the ancient astronomers were 
acquainted. 

The Arabian astronomers do not seem to have effected any essential im- 
provement in the methods of observation. Their instruments, however, 
were generally larger and better constructed than those of the Greek astro- 
nomers, and they appear to have taken greater precaution to ensure the 
accuracy of their results. The astrolabe, as used by them, was, in some 
instances, a complicated instrument, since it carried circles representing 
the equator, the ecliptic, and the other principal circles of the celestial 
sphere. In this form it acquired the appellation of an armillary sphere. 
Instruments of a similar construction continued to be used in making 
observations of the celestial bodges down to the beginning of the seven- 
teenth century. 

The Arabians usually indicated the time of an observation by means 
of the apparent altitude of a star whose position was known. It has 
been mentioned that Ptolemy has given no account of the method he 
employed in tracing a meridian line. The Arabian astronomers effected 
this ohject by equal altitudes of the sun when he was east and west of the 
meridian*. It does not appear that they took into account the effect of 
the motion of the sun during the interval. included between the two ob- 
servations. 

Upon the revival of science in Europe towards the close of the fifteenth 
century, the cultivation of astronomy was for some time confined almost 
exclusively to Germany. Waltherus, a native of Nuremburg, to whom 
we have already had occasion to allude, may be considered the earliest 
individual of modern times whose observations have contributed to the 
advancement of astronomical science. He first introduced the practice of 
determining the apparent place of a planet by observations of its altitude, 
and its distance from two stars whose places had been already ascertained. 


* Delambre, Hist. Ast. Moyen Age, p. 129. The astronomers of India appear also 
to have practised this method by tracing upon the sand a circle around the foot of the 
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He is also the first astronomer who used clocks moved by weights for the 
purpose of measuring time. ‘These pieces of mechanism were introduced 
originally from eastern countries. Pacificus, Archdeacon of Verona, who 
flourished in the ninth century, was the first European who constructed a 
clock with wheels. Others were soon fabricated in different countries of 
Europe, but they were used only in the public edifices of great cities 
before Waltherus applied them to the purposes of astronomy. 

In‘consequence of the observations of Waltherus being the earliest of 
modern times, they were continually used at a subsequent period in recti- 
fying the elements of astronomical science by comparing them with similar 
determinations of a more recent date. Juacaille has employed them for 
this purpose in his researches on the solar theory. ‘This is probably the 
last important occasion on which the observations of Waltherus will be 
consulted. In the present day it is found that the modern observations 
more than compensate by their superior accuracy for the shortness of the 
time that has elapsed since they were made. . 

Copernicus, about the middle of the #ixteenth century, had restored the 
true system of the world, but the epicyclical fabric still remained almost 
in its original state. To Tycho Brahé is due the immortal honour of 
having executed the series of observations which led to the discovery of 
the real nature of the pianctary movements. This illustrious individual 
expended his whole private fortune, amounting to a hundred thousand 
crowns, upon objects connected with the improvement of practical astro- 
nomy.* Lis collection of instruments wes one of the most magnificent 
which the world has ever scen. Waltherus, and the earlier astronomers 
of modern Fiarope, possessed only wooden appliances for observing the 
positions of the celestial bodies. ‘The instruments of Tycho Brahe were 
mainly constructed of metal. ‘They were also larger and more accurately 
divided than any that had been hitherto applied to the purposes of astro- 
nomical observation. The ancient astronomers appear to have divided 
their instruments only to every ten minutes. Some of Tycho Brahd’s 
were actually divided to every minute; and by emploving the method of 
transversals, which came into use in his time. they were, in some instances, 
subdivided to every ten seconds ©. 

Not only were Tycho Brahe’s instruments vastly superior to those 
hitherto used by astronomers, but his methods of observation were also 
such as to assure a greater degree of precision to the final results than 
had been hitherto attained. By taking into account the effect of refraction, 
he avoided, to a great extent, a source of error which had vitiated the 
observations of all preceding astronomers, His method of determining 
the absolute right ascensions of the stars was also a vast improvement 


* It may be remarked, however, that in his actual observations Tycho Brahé by no means 
attained the degree of precision contemplated in the construction of some of his instru- 
ments; for even althongh the divisions of the limb bad been faultless in any case, the 
advantage of the instrument in this respect would have been vitiated by the error com. 
mitted in the pointing of it to any celestial body, an error which it was impossible to avoid 
so long as observations were made with plain sights. With respect to the method of trans- 
versals, or, as it is more commonly termed in England, the diagonal scale, Tycho Brahé 
mentions (Progymnasmata, p. 671, edit. 1610) that he first became acquainted with it 
when he was a student at the university of Leipsic, having obtained a description of it 
from one of the professors named Homelius, but that he is ignorant of the real author of 
the invention, Thomas Digges (Ale seu Scale Mathematica, Capitulam Nonum; Lon- 
dini, 1573) asserts that it was invented by Richard Chanzler, an English artist famous for 
his skill in the construction of mathematical instruments. and that it had heen lane wall 
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over that employed by the ancient astronomers. It hae been already 
mentioned that Hipparchus determined the places of the stars with respect 
to the equinox, by using the moon as an intermediate object of observation 
between the sun and the stars. This method, however, was very imper- 
fect, on account of the rapid motion of the moon and the uncertainty that 
prevailed respecting the exact value of her parallax. Some of Tycho 
Brahé’s contemporaries, among others the Landgrave of Hesse Cassel, 
sought to determine the absolute place of a star by means of its azimuth 
and altitude, combined with the time of observation. A serious objection 
to this method consisted in the difliculty of measuring time with suf- 
ficient accuracy, Notwithstanding all the efforts of Tycho Brahé and 
the Landgravo, they were unable to procure clocks that could be relied upon 
for such a purpose. Tycho has not fuiled to enumerate the various sources 
of their irregularity. They were perpetually liable to be affected by 
changes of temperature and currents of air, even although the precaution 
was used of keeping them in h&ated‘apartments. Again, it was found 
impossible to construct the teetlr of wheels with such regularity as to 
ensure a perfectly uniform motion; and hence, even although the daily 
times of restitution of such clocks should appear equal, by comparing them 
either with the sun or the stars, they would fail to indicate the interme- 
diate intervals of time with the same regularity. Finally, the heavy body 
which occasioned the motion did not act uniformly during its descent, for 
when it was in the lower part of its course, the weight of the cord by which 
it was attached tended in some degree to increase its efficacy, however 
slender the cord might be; and the smallest irregularity could not be 
overlooked, sinec an error of four seconds in time was equivalent to one 
of a minute in space *, 

While pondering on the difficulties of this subject, the happy idea 
occurred to ‘I'ycho Brahe of substituting Venus for the moon, as the inter- 
mediate object of observation between the sun and the stars. ‘This planet 
has a much slower motion than the moon, and at the same time has a 
smaller parallax. Lt is therefore obviously better adapted than that body 
for ascertaining an clement of fundamental importance, such as the abso- 
lute right ascension of astar. Before sunset he made simultaneous obser- 
vations on the sun and the planet, and when the sun disappeared he made 
similar observations on the planet and the star. In this manner he deter- 
mined the absolute right ascensions of several of the most brilliant stars, 
and by means of them he easily obtained the right ascensions of all the 
others}. It is worthy of remark that Waltherus had already employed 
Venus for a similar purpose, but this circumstance seems to haye totally 
escaped the notice of Tycho. 

Allusion has been made to the mode of determining the position of a 
star by means of its altitude and azimuth combined with the time of obser- 
vation, This method seems to have been practised by the Landgrave of 
Hesse Cassel, on the occasion of his observations of the new star which 
appeared in the constellation of Cassiopeia, in the year 1572. Tycho, in 
his work on the same star, has given the observations of the prince rela~ 
tive to its apparent place in the heavens, extending from Dee. 8, 1572, 
till Mareh 14, 1573}. ‘Lhese appear to be the earliest observations in 
which the element of time was employed in determining the right ascen- 
sion of a star. 
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It appears from the work of Tycho Brahé, above cited, that Thaddeus 
Hagecius, another contemporary astronomer who wrote upon the new 
star, advanced a step further than the Landgrave; for he shewed that both 
the declination and right ascension of a star might be determined by 
observing its a/titude on the meridian, and noting the time of observation. 
Tycho has given, as an example of this method, Hagecius’s determination 
of the place of the new star. He takes occasion, at the same time, to point 
out the various defects of the method, and it must be admitted that, in the 
existing state of practical astronomy, his objections were not without weight. 
If the time was to be indicated by clocks, it would be impossible, he re- 
marked, to avoid errors of serious magnitude, as he had already shewn ou 
a former occasion. If the observed altitude of a star was employed for 
that purpose, the chance of error would be equally grcat, for neither could 
the absolute place of the star be ascertained beforehand with sufficient 
precision, nor could its altitude, corresponding to each observation, be 
satisfactorily determined... Moreover, Svhen a star is approaching the 
meridian, its altitude increases very slowly, so that it is exceedingly dif- 
ficult to assign the precise instant when it is actually upon the meridian. 
This source of error might be avoided by observing the star near the 
horizon, wheve it rises with great rapidity; but, on the other hand, the 
uncertain etlect of refraction at low altitudes would tend to vitiate the 
observation *, . : 

Tycho Brahé, for the above reasons, did not deem it safe to employ the 
element of time in determining the apparent place of a celestial body. 
In fact, the observations of the Landgrave on the new star, to which 
allusion has already been made, supplied him with a practical proof of 
the justness of his views on this subject. In each of these’ observations 
the altitude, the azimuth, and the time were different; but as the posi- 
tion of the star in the celestial sphere was found to be invariable, it 
followed, as a necessary consequence, that each combination of these three 
data ought to assign to the star the same values of declination and right 
ascension. ‘Tycho calculated these elements by means of the Landgrave's 
observations ; but he found that although the declinations exhibited a 
pretty satisfactory agreement with cach other, the right ascensions dif- 
fered, in some instances, to the extent of 2° of space}. This may not be 
an improper place for a few words on the construction of the clocks of 
those days. They consisted essentially of a vertical wheel, which was 
made to revolve with a slow motion by the gradual descent of a weight. 
The balance was a happy contrivance, devised for the purpose of con- 
stantly checking by its inertia, the descent of the weight, and thereby 
rendering the motion of the wheel more uniform. It consisted of a cross- 
bar, with two weights at its extremitics, capable of turning freely in a 
horizontal direction, upon a vertical axis, which was connected with the 
wheel by means of two pallets. The distance between the pallets was 
equal to the diameter of the whecl, and they were so disposed on the 
vertical axis as to engage alternately the highest and lowest tooth of the 
wheel. When the highest tooth engaged the upper pallet, the balance 
was pushed round, and its resistance checked the descent of the weight. 
As soon as this pallet became freed from the wheel, the lowest tooth 
engaged the other pallet, and the balance was then pushed in the oppo- 
site direction. This alternate movement of the balance continually 








* Prooymnasmata. p. td. Viet: oe ce: 
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restrained the descent of the weight, and thereby prevented the 
acceleration of the motion of the wheel, which would otherwise have 
necessarily ensued. Clocks upon this principle continued to be fabricated 
down to the middle of the seventeenth century ; but, notwithstanding all 
the attention and skill bestowed on their construction, they could not be 
relied upon for the delicate purposes of astronomy. 

Although Tycho Brahé generally disapproved of employing the element 
of time in determining the apparent position of a celestial body, he 
adopted the practice in one or two instances, which it may not be 
improper to notice. In the first place, he determined the successive 
positions of the comet of 1577, by means of altitude and azimuth obser- 
vations. The instrument he used on this occasion was a quadrant 
revolving in azimuth. He possessed several instruments of this con- 
struction, The largest had a radius of six feet. It was divided by 
transversals to every quarter of a minute. ‘The azimuth circle had a 
diameter of nine feet. he zero point of division was at the extremity 
of the meridional diameter, the direction of which was determined by 
observing the greatest eastern and western digressions of the pole 
stars. 

Another instrument designed by Tycho Brahé, to be used in connexion 
with the clock, was what he termed the Mural or Tychonic quadrant. It 
was a Jarge quadrant of copper, placed exactly in the plane of the 
meridian against a solid wall, to which it was firmly attached. The radius 
of this instrument was equal to nine feet, and the limb was divided by 
transversals to every 10”. ‘Tycho remarks that by determining the alti- 
tude of a star with it, and noting the time of observation, the declina- 
tion and right ascension of the star may be ascertained. He appears, 
however, to have chiefly used this instrament in making observations of 
the meridional altitude of the sun, for the purpose of rectifying the 
elements of the solar theory * 

The Landgrave of Hesse Cassel, whom we have lad occasion to allude 
to in connexion with Tycho Brahé, was a prince no less distingnished by 
his liberal patronage of astronomical science, than by his actual labours 
as an observer of the heavens. Unlike most other sovereigns who have 
affected a disposition to promote the. objects of astronomy, he did not 
content himself with a mere dilettante exhibition of his favours towards 
the science, but directly contributed towards its advancement by his 
personal energy and perseverance. It is to be remarked, also, respecting 
this excellent prince, that he maintained at his own expense some of the 
most eminent mathematicians and astronomers of his time; nor should 
his kindness towards Tycho Brahé be forgotten in considering his claims 
to the grateful recollection of posterity. 

We shall now briefly allude to the labours of Hevelius, before pro- 
ceeding to give some account of the modern improvements in practical 
astronomy. ‘This individual, who was a rich eitizen of Dantzic in Prussia, 
commenced his career as an astronomer in 1630; and throughout a 
period of nearly fifty years he continued to labour with indefatigable 
assiduity in making observations of the celestial bodiest. His instru- 





* Astronomis: Instauratee Mecanica, No. 4. 

t Hevelius was born in 1611, and died in 1687. Although he observed an eclipse of 
the sun as early as the year 1630, he did not commence his career of regular observation 
til 1641. O f his ‘most useful assistants was his wife, who was an expert observer, 





446 HISTORY OF PIFYSICAL ASTRONOMY. 


ments were similar to those of Tycho Brahé; but they were divided with 
greater precision, and were more easily managed. The application of the 
yernier to the measurement of fractional magnitudes, was an improvement 
of which he did not fail to avail himself. This elegant method of subdi- 
vision was invented in the year 1631 by Pierre Vernier, a native of 
Franche Compté*. Hevelius himself devised an ingenious method of 
effecting the same object by means of a tangent screw, working in the 
extremity,of the movable radius upon which the pinnules were placed. 
Knowing the number of revolutions of the serew which were necessary 
to transport the radius over the interval included between any two con- 
secutive points of division of the limb, it was hence easy, by counting 
the revolutions and parts of ja revolution of the screw, in moving the 
radius from any point on the limb to the nearest point of division, to 
ascertain the magnitude of the space included between the two points. 
This must be considered as one of the earliest of those mechanical con- 
trivances that have been devised for measuring the fractional parts of 
divided instruments. Hevelius, by refusing to employ the telescope in 
his observations, was unable to take due advantage of this ingenious 
method of subdivision; but it was applied with complete success in 
several instances in the following century. 

In 1679 the observatory of Hevelius was totally consumed by fire. 
All his instruments and manuscripts, and, with the exception of a few 
copies, the whole edition of the second part of his great work, the 
Machina Celestis, comprehending the numerous observations which he 
had made during his long career, unfortunatcly perished in the flames. 
The aged astronomer bore this calamity with great fortitude; and, instead 
of abandoning himself to despair, he recommenced his labours with 
renewed energy}. One of the most remarkable of his works is a 
catalogue of the places of upwards of 1500 stars, which was published a 
few years after his death. The great ability of Hevelius, as an observer, 
would have rendered this catalogue a valuable record of the state of the 
heavens in his time, if, in making his observations; he had availed him- 
self of telescopic sights, which came into general use during tho latter 
part of his career. Unfortunately, however, he persevered to the end -of 
his life in rejecting such appliances, adhering to the use of simple pin- 
nules, under the impression of their affording a more trustworthy indica- 
tion of the true direction in which a celestial body appears, 

With the labours of Hevelius closes the ancient school of astronomical 
observation. Ly constructing instruments of very large size, and em- 
ploying ingenious methods of subdivision, astronomers had succeeded in 
determining the apparent position of a celestial body within about 1’ of 
the truth. If the magnitude of the instrument in any instance, however, 
exceeded a certain limit, it obviously became unmanageable ; and besides, 
its greater tendency to derangement from its own weight more than coun- 
terbalanced the advantage gained by enlarging the scale of division. But 


° 

* A method somewhat similar in principle, but more complicated in practice, had 
been invented by Nonius, a Portuguese mathematician, about the middle of the six- 
teenth century. Tycho Brahé used it in the carly part of his career, but he soon aban- 
doned it as too troublesome, adopting the method of transversals in its stead. 

+ What Hevelius regretted on this occasionzmore than all bis most precious effects 
were his researches on the planetary motions, and his notes on the stars, which he had 
been making throughout the long period of his astronomical career. Several years after- 
wards he assures the reader, in one of his works, that the recellection of their loss never 
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apart from these considerations, the difficulty of pointing truly to a celestial 
body an instrument furnished for that purpose merely with pinnules, pre- 
sented an insuperable obstacle to the attainment of a high degree of preci- 
sion in the ascertainment of its apparent position. This was a constant 
source of error which the astronomer had to contend with in all his 
operations, whose vitiating influence was essentially beyond the reach 
either of the ingenuity of the mechanician or the skill of the artist. It 
is to be remarked, however, in favour of the Tychonic school of observa- 
tion, that it served effectually to demolish the whole of the ancient fabric 
of epicycles, and to establish the elliptic theory of the planets upon an 
incontrovertible basis. This was unquestionably a noble triumph of 
genius and practical skill; but in so far as regards the more delicate 
phenomena of the celestial regions, the methods practised in that school 
were utterly powerless. The sublime theory of planetary perturbation 
would have proved a subject of barren research to Newton and his 
successors, and those minute movements of the stars, in connexion with 
which s0 many brilliant triumphs have been achieved in recent times, 
would have for ever continued to be involved in impenetrable mystery, 
unless @ complete revolution had been effected in the condition of prac- 
tical astronomy as it existed about the middle of the seventeenth 
century. 

The establishment of public observatories in several countries of 
Europe about the time referred to, could not fail to exercise a direct 
influence of a favourable character upon the progress of astronomy in all 
ita branches. When it is considered thatthe various movements of the 
celestial bodies require for their development a series of cycles of time, 
many of which are of Jong duration, it is manifestly indispensable, in order . 
to arrive at an accurate knowledge of the laws of their movements, that 
the various bodies should be made the objects of continuous observation 
throughout a long succession of ages. But, on the other hand, it is not 
less obvious that the -limited resources of private individuals are 
inadequate to a task of such mugnitude. Much, indeed, may be effected 
by genius and perseverance, as in the case of Hipparchus, and several 
astronomers of modern times; but, generally speaking, it is only by the 
steady application of national resources to the observation of the celestial 
bodies, that a series of facts can be established which shall possess suffi- 
cient value to form a sure groundwork for the investigation of the lawa of 
their movements. The earliest public observatory, and indeed the only 
one which history makes mention of as having existed in ancient times, 
was that which Ptolemy Soter established at Alexandria, and which con- 
tinued for many centuries to fumish an asylum to the Greek astronomers 
in the midst of a declining civilisation. ‘The magnificent establishment 
which Frederick III., of Denmark, assigned to Tycho Brahé, in the 
island of Huona, for the purpose of enabling him to prosecute his labours 
more effectually, cannot be called a public observatory, since it was not 
designed to promote any ultcrior object connected with astronomy. But 
indeed, even in so far as Tycho Brahé himself was concerned, it was soon 
spparent, from the disgraceful treatment which he experienced in the 
latter period of his life, that the establishment of Uranibourg was held 
by a very precarious tenure. It would seem, however, that Christian Iv., 
under whose minority Tycho Brahé was compelled to abandon his native 
country, felt a disposition to make some reparation for his early indif 
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vatory on a permanent basis. Longomontanus, an astronomer of some 
celebrity, who had assisted Tycho in his labours at Uranibourg, was chiefly 
instrumental in promoting the views of the monarch. The foundation 
stone of the observatory was laid by Christian IV., on the 7th of July, 
1687, but it does not appear that the building was completely finished 
until the year 1656, during the reign of his successor, Frederick IV. 
The structure was erected in the form of a tower. It was 115 Danish 
feet in height, and 48 feet in diameter. The observations were made in 
an apartment at the top of the tower, which was reached by means of a 
spiral avenue winding gently round the interior of the wall+, We shall 
presently have occasion to allude more particularly to this observatory, 
which must be regarded as the earliest of the numerous public institutions 
for the promotion of practical astronomy that have been established in 
modern times. 

Tt has been already mentioned that all contrivances for measuring time 
by means of clocks composed of a combination of wheels moved by 
weights, had been found totally inadequate to the delicate purposes of 
astronomy. Another mode of effecting the same object had been devised 
by Galileo. Having discovered that the oscillations of a pendulum are 
isochronoust, it occurred to him that a mechanism might be constructed. 
upon this principle which would serve to indicate the divisions of time 

wwith great accuracy ; but although he devoted much attention to the real- 
isation of this idea, all his efforts to procure a clock that would be practically 
serviceable proved fruitless. In all such contrivances it was found that 
the pendulum, when once set in motion, was soon again brought to a state 
of rest, so that the oscillations could only be maintained by applying to 

- the pendulum a succession of impulses at regular intervals. Huyghens 
eluded this inconvenience, by substituting the pendulum for the balance 
in the ancient clocks, so adapting it, that the isochronism of its oscillations 
regulated the downward motion of the weight. By this admirable con- 
trivance he combined the advantages of the twe methods above referred 
to, while, at the same time, he eluded their respective defects. The idea 
of so applying the pendulum to the measurement of time first suggested 
itself to him in the year 1656, and in the following year he presented to the 
States General of Holland a clock constructed upon this principle. The 
invention soon spread abroad throughout Europe, and was hailed with uni- 
versal applause. Its successful application to the purposes of astronomical 
observation will be noticed presently. 

The establishment of the Royal Society of London, and of the Academy 
of Sciences of Paris, exercised a powerful influehce on the progress of 
astronomy, as well as on every branch of physical science. The origin of 
the Royal Society may be traced to the period of the civil wars in the time 
of Charles I., when individuals of a contemplative cast of mind sought 
relief from the prevailing commotion in the calm retreat of scientific dis- 
cussion. Dr. Wallis states that, about the year 1645, when academical 
studies were much disturbed at both the universities, several persons 
inquisitive into natural philosophy, and other parts of hwman learning, did, 


* Horrebow, in his Basis Astronomia, states that in 1716 Peter the Great of 
Russia frequently ascénded the tower on horseback along this spiral avenue, and that the 
Empress Catherine occasionally ascended at his side in a fouy-wheeled chariot, drawn by 
six horses! 

+ They are not exactly isochronous, but for small ares the times of oscillation may 
be regarded as equal without committing any sensible error. 
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by agreement, meet weekly in London.on a certain day to treat of such 
matters.” Among the individuals who thus used to assemble together, 
were Wilkins, Goddard, Wallis, and Samuel Foster, Professor of Astro- 
nomy in Gresham College. In 1648-9 the attendance at the weekly 
meetings was considerably reduced by the removal of several members to 
Oxford, who established a similar association in that city. The original 
minutes of the Oxford Philosophical Society, dated the 23rd of October, 
1651, are still preserved in the Ashmolean Museum of that city. ‘The 
embryo Society of Londou still continued to hold its meetings, but it 
seems to have fallen into a very languishing condition until the year 
1660, when the restoration of Charles IL., by holding out the prospect of 
future tranquillity, had the offect of infusing renewed vigour into its pro- 
ceedings. ‘The earliest official document of the Society is dated Novem- 
ber 28, 1660. It was fihally incorporated by Royal Charter on the 15th 
of July, 1662. The first President was Lord Brouncker, one of the most 
eminent mathematicians of the age. Among those members who took an 
active part in promoting the objects of the Society at this period, may be 
mentioned the President Lord Brouncker, Boyle, Wilkins, Wren, and Sir 
Robert Moray. A few years after the establishment of the Royal Society 
upon a permanent basis, a similar association was formed at Paris under 
the designation of the Royal Academy of Sciences. The first meeting of 
this. celebrated body was held on the 22nd of December, 1666. Some of 
the earlier members were Roberval, Auzout, Picard, and Richer. A few 
years later, it was enriched by the accession of Huyghens, Roemer, and 
Cassini, who were enrolled ay members. 

Numegous institutions for promoting the cultivation of science have 
been established in the different countries of Europe at a later period than 
that above referred to; but it is no depreciation of the well-earned yepu- 
tation of many of them to assert that, at no epoch of their history have 
they in any instance exercised an influence so unequivocally benelicial ag 
that: exercised by the Royal Society of London, and the Academy of 
Sciences of Paris, during the early period of their existence. It is to be 
borne in mind that the last-mentioned institutions were founded at a time 
when the inductive philosophy was still engaged in mortal conflict with 
the scholastic system of Aristotle, and when, consequently, an organized 
union of the scattered energies of its adherents could not fail to accelerate 
its final triumph. Practical astronomy participated largely in the advan- 
tages derived from these institutions. New improvements, both in the 
construction of instruments and in the methods of observation, were dis: 
seminated throughout Hurope with a rapidity hitherto unknown, and 
thereby facilitated in a vast degree the attainment of still further excel- 
lence. 

The invention of the micrometer was one of the earliest of those im- 
provements which in the seventeenth century had the effect of establishing 
the methods of astronomical observation upon a totally new basis. ‘lhe 
measurement of small angles was found by astronomers, in all ages, to’ be 
one of the most difficult objects connected with the practice of observation, 
Archimedes, in an attempt to deterinine the apparent magnitude of the 
sun, was unable to arrive ata result of greater precision than that the 
apparent diameter was greater than 27’, and less then 32, Coming down 
to modern times, we have scen that Tycho Brahé was s0 misled by his 


measurements of the apparent diameters of the sun and moon, as to come 
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obvious that a mode of accurately determining the variations in the ap- 
parent diameters of the sun and moon, could not fail to lead to an improve- 
ment of the theories of the movements of those bodies. Moreover, the 
invention of the telescope, by revealing the round figures of the planets, 
rendered it desirable to devise some means of measuring small angles with 
a degree of precision conformable to the existing condition of theoretical 
astronomy. The invention of the micrometer, by means of which this 
object was effectually accomplished, is originally due to William Gascoigne, 
a young man who was the friend of Horrocks and Crabtree, and who, like 
them also, was unfortunately cut off by a premature death in the very 
outset of his career. It will be desirable, however, to give a previous 
account of the successive steps by which the same admirable invention 
was independently effected on the Continent about twenty years after- 
wards, The person who first suggested the idea‘of the micrometer in the 
latter instance was Huyghens. In bis Systema Saturnium, which was 
published in 1659, he remarked that an objeet placed in the focus of a 
common astronomical telescope, eppears as distinct and as well defined as 
the image of a remote body. lence, in order to determine the apparent 
diameter of a celestial object, he inserted a slip of metal of variable 
breadth at the focus of the telescope, and observed at what part it exactly 
covéred the object. Applying, then, 2 finely-pointed compass to the slip of 
metal, he measured its exact breadth, and, knowing the focal length 
of the telescope, he hence deduced the apparent magnitude of the 
object. In this manner he determined the apparent diameters of the 
principal planets. 

The Marquis Malvasia, in his “ Kphemerides,” published at Belogna in 
1662, describes a method of measuring small angles which may be re- 
garded as the next step in the invention of the micrometer. At the focus 
of the telescope he placed a net-work of fine silver threads at right angles, 
which formed by their mutual intersection a number of small squares. .In 
order to determine the mutual distances of the threads that were parallel to 
each other, he caused a star situate near the equator to traverse a thread 
perpendicular to their common direction, and counted, by the aid of a pen- 
dulum clock, the times which it took to pass over the successive intervals* . 

The micrometer of Malvasia was a devided improvement of that of 
Huyghens. ‘lhe distances between the threads, when once accurately de- 
termined, would serve for all future measurements. The methed was also 
more generally applicable than that of Huyghens, since, besides the apparent 
diameters of the celestial bodies, it might serve to measure the angular 
distance of two stars that were at the same time int the field of view of the 
telescope. It laboured, however, under the disadvantage that, if the two 
stars did not appear exactly on the wires, something was unavoidably left 
to estimation in the measurement of their mutual distance. Auzout got 
rid of this defect. by substituting for the reticule of Malvasia two silk 
threads, one of which was fixed, while the other was moveable in a direc- 
tion parallel to it by means of a fine screw. It is evident that, when once 
the distance traversed by the moveable thread during one revolution of 
the screw was ascertained with sufficient accuracy, the angular distance 
between two stars very near to each other might be determined, by causing 
the moveable thread to traverse the interval between the stars, and noting 
the number of revolutions and parts of a revolution of the screw which 
were required to effect this object. 

* Mém. Acad. des Sciences, 1717, p. 78, et seq. 
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Auzout first announced his improvement of the micrometer in a letter to 
the Royal Society of London, dated December 28, 1666, which is in- 
serted in the 2Ist Number of the Philosophical Transactions. Birch 
states that, upon this letter being read before the Society, two of the 
members, Wren and Hooke, took occasion to mention several ways of 
measuring small angles which were already known in England. These 
philosophers have nowhere given a detailed description of the micrometers 
devised by them. Sprat, however, in his “History of the Royal Society,” 
alludes, in a gencral summary of the labours of the Soeiety, to their 
construction of telescopes of different lengths, with several contrivances in 
them for measuring the diameters and parts of the planets *, In another 
part of the same work, he states that Wren had added many sorts of 
retes, screws, and other devices to telescopes, for taking sinall distances 
and apparent diameters to seconds}. Ina work which he published in 
1665, Hooke proposes to determine the parallax of the moon or any of 
the planets by observing its distance from the neighbouring stars in two 
different latitudes, by the aid of a telescope fitted with a rete or divided 
scale}. It is evident that the micrometrical contrivances of Huyghens, the 
Marquis Malvasia, and Hooke, were ell essentially similar to each other. 
Indeed, as soon as telescopes composed of two convex lenses began to be 
commonly used, the invention of such a micrometer as that devised by 
either of these philosophers was a very obvious step. 

* In the 25th Number of the Transactions of the Royal Society there is a 
letter from Richard Townley, of Lancashire, relative to the micrometer of 
Gascoigne. The date of this letter is March 25, 1667§. “ Finding,” says 
he, “in ‘one of the last Philosophical Transactions, how much M. Auzout 
esteems his invention of dividing a foot into near 30,000 parts, and taking 
thereby angles to a very great exactness, I am told TI shall be looked 
upon as a great wronger of our nation, should I not let the world know 
that I have, out of some scattered papers and letters that formerly came 
to my hands of a gentleman of these parts, one Mr. Gascoigne, fougd out 
that; before our late civil wars, he had not only devised an instrument of 
as great power as Mr. Auzout’s, but had also for some years made use of 
it, not only for taking the diameters of the planets and distances upon 
land; but had further endeavoured out of its preciseness to gather many 
certainties in the heavens'||........ T shall only say of it that it is 
small, not exceeding in weight, nor much in bigness, an ordinary pocket 


* “ History of the Royal Society,” p. 250, 4to, London, 1667. The account of the 
scientific labours of the Roy&l Socicty, inserted in this work, was compiled from the re- 
gisters of the Society down to 1665. 

t Ibid., p. 314, ‘ 

$ Micographia, p. 237, fol, Lond., 1665. Hooke, on a subsequent occasion, described 
aspecies of micrometer of a more perfect coustruction, but he was then acquainted with 
the contrivances for a similar purpose devised by Gascoigne and Auzout. 

§ The date of the letter is not mentioned in the number of the Philosophical Trans- 
actions cited in the text, but the omission is supplied by Birch, who alludes to the letter 
in his History of the Royal Society (vol. ii. p. 164). This letter, as well as the state 
ment respecting it by Birch, has entirely escaped the notice of Delambre, who censures the 
tardiness of the English astronomers in not bringing forward any account of Gascoigne’s 
micrometer before the 25th of July, 1667. 

| Townley here states that Gascoigne determined the value of the Jamar parallax by 
measuring with his micrometer the apparent diameter of the moon when she was in the 
horizon, and again when she was on the meridian, He mentions also that he had in his 
possession the very micrometer that Gascoigne originally used in his observations. 
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watch, exactly marking above 40,000 divisions in a foot, by the help of 
two indexes; the one showing hundreds of divisions, the other divisions 
of the hundred.” Mr. Townley concludes his letter by stating that, if it 
should be found desirable, the Society might obtain a more complete 
description of the instrument. 

Mr. Townley’s micrometer was actually produced before the Society at 
the meeting held on the 25th of July, 1667, and a detailed description 
of it was subsequently given in No. 29, of the Philosophical Transactions. 
In principle it exactly resembles the micrometer of Auzout. Two straight 
edges of metal are made to approach each other at the focus of the telescope 
by means of a screw, the mechanism being so contrived that the optical 
axis of the telescope is always situate midway between the two edges. The 
number of revolutions and parts of a revolution of the serew which are 
required in order to bring the edges into any determinate position will 
manifestly indicate the extent of the interval which separates them *. 
Hooke suggested an improvement of this micrometer by substituting 
human hairs for the solid edges. 

It appears from the observations of Gascoigne, which are still in exist- 
ence, that he actually used the miorometer in several delicate measure- 
ments, Fiamsteed, in the first volume of the Historia Celestis, has in- 
serted a series of celestial observations extending from 1688 to 1643, 
which were made by Gascoigne and his friend Crabtree, and among these 
are contained a considerable number of micrometrical measurements by 
Gascoigne. .They consist of a determination of the mutual distances of 
the Pleiades, a few values of the apparent diameter of the sun, several 
distances of the moon from the neighbouring stars, and a great number of 
measurements of the lunar diameter. The results in most instances are 
given in revolutions and parts of a revolution of the screw. In the forty- 
eighth volume of the Philosophical Transactions, Dr. Bevis has also given 
several measurements of the apparent diameters of the planets and the 
moon, made by Gascoigne with his micrometer. They were extracted by 
him from a letter written by Gascoigne to Oughtred, the original of which, 
he stated, was still preserved in the library of the Earl of Macclesfield +. 

The following comparison instituted by Delambre, between certain mea- 

surements of the semidiameter of the sun by Gascoigne, and the corre- 
- sponding values in the Connaissance des Temps of the present day, will 

suffice to cénvince the reader that the original inventor of the micrometer 

did not fail to bring his instrument to considerable perfection :— 


Gascoigne. Connaissance des Temps. 
October 25, O.S. 16’ 11” or 10” 16’ 10” 
October 31, 16: 16 11.4 
December 2, 16 24 16 16.8 


Gascoigne makes the greatest variation of the apparent diameter of 


* Sherburne, in his translation of the Sphere of Manilius (1675), states that Crabtree, 
taking a journey to Yorkshire, in 1639, to see Gascoigne, thus wrote to Horrocks: 
“ The first thing Mr. Gascoigne shewed me was a darge telescope, amplified and adorned 
with new inventions of his own, whereby he can take the diameters of the sun or moon, 
or any small angle in the heavens or upon the earth, most exactly through the glass to a 
second (see the work cited, p. 92). This is the letter alluded to in the note at the 
foot of p. 428. 

+ Phil. Trans., 1753, p. 190. 
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the sun to be 35”; according to the Connaissance des Temps it amounts 
to 32.3 *, 

It appears from the foregoing statements that Gascoigne invented and 
actually employed the micrometer twenty years before even the original 
germ of such an instrument had suggested itself to any person on the 
Continent. At the same time, there is not the smallest reason to suppose 
that any person out of England had any knowledge of his labours previous 
to the reinvention of the instrument elsewhere. On this point Delambre 
makes the following just remark :—« [7 Jaut remarquer que les observa- 
tions des deux amis n'ont été publices que 80 ans aprés leur date réelle. 
Ainsi, en accordant d Gascoigne, la premidre idée et mime la premiére exécu- 
tion du micrométre, il est juste de réserver leurs droits aux astronomes qui, 
sans avoir aucune connaissance des observations Anglaises, ont été conduits 
par leur propres réflewions & la méme découverte.” + 

There can be no doubt that the micrometer of Gascoigne and Auzout is 
immeasurably superior to any reticule or graduated stale placed in the 
focus of the telescope, such as was used by Huyghens and the Marquis 
Malvasia on the Continent, and by Hooke in England. It is right to 
bear in mind, however, that both Wren and Hevelius had suggested the 
measurement of small angles, and of the fractional parts of large angles, 
by means of the revolutions of a screw, although it does not appear 
that on any occasion they reduced their ideas to practice. 

William Gascoigne, the individual just referred to, was the son of Henry 
Gascoigne, Esquire, of Middleton, in Yorkshire. While guly eighteen 
years of age he appears to have been actively engaged in observing the 
celestial bodies, and in advancing the state of optics and practical astro- 
nomy. He continued to prosecute his labours with remarkable success 
till the outbreak of the civil wars in 1643, when he joined the cause of 
Charles I., and fell at the battle of Marston Moor on the 2nd of J uly, 
1644, in the twenty-fourth year of his age. To his untimely fate may be 
applied the language of a distinguished historian in reference to the accom- 
plished young statesman who, in the previous year, fell at the battle of 
Newbury, fighting in the same cause :—“ Il mourut, victime d'un temps trop 
rude pour sa pure et tendre vertu.” t Richard Townley states that Gas- 
coigne had a Treatise on Opties just ready for the press, but that notwith- 
standing all his efforts he was unable to obtain any trace of it after his 
death §. Sherburne, in his translation of “The Sphere of Manilius,” as- 
serts that Gascoigne was the first person who made a telescope composed 
of two convex lenses ||. Whether this be true or not, it is very certain, 
at all events, that he was the first who applied a telescope of such a con- 
struction, to those purposes for which it is peculiarly designed. 

The application of the telescope to divided instruments, so as to serve 
in ascertaining the apparent direction of a celestial body, was another of 
those great improvements which distinguished the progress of practical 
astronomy in the seventeenth century. The idea of employing the tele- 
scope in this manner seems to have first suggested itself to Morin, a 
French astronomer, notorious for his opposition to the Copernican theory 
of the universe, and his devotion to astrological pursuits. In 1685 he 
ascertained the interesting fact, that it was possible to see the stars in 
the daytime by the aid of the telescope, and he sought to avail himself of 


* Hist. Ast. Mod., tome ii.,-p. 590. } Ibid. 
{ Guizot, Histoire de la Revolution d' Angleterre, livre iv. 
§ Phil. ‘Trans., 1667, p. 457. : 
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his discovery in devising a new solution of the problem of the longitude. 
His method was founded on a comparison of the observed and computed 
distances of the moon from the stars, but although he suececded in seeing 
the stars in the daytime, he in vain sought to fix the positions of either the 
moon or the stars by the aid of the telescope. Indeed, so long as astrono- 
mers coufined themselves to the telescope as originally constructed by 
Gulileo, it was impossible to accomplish such an object, since there was no 
place of distinct vision at which two cross threads could be placed to indi- 
cate, by their intersection, the invariable position of the optical axis of the 
instrument. Itis a remarkable fact, that the unfortunate Gascoigne was the 
first person who suevessfully used the telescope in ascertaining by observa- 
tion the apparent positions of the celestial bodies. Derham, in a paper 
which appears in the Philosophical Transactions for the year 1717, has sa- 
tisfactorily established the claims of Gascoigne upon the evidence of certain 
letters which passed between him and his friend Crabtree *. These letters 
“were originally ir the possession of Richard Townley, the individual to 
whom we have already had occasion to allude in connexion with the inven- 
tion of the micrometer. It may conduce to a clearer understanding of 
the following extracts from these letters, to bear in mind that the last- 
mentioucd invention affords demonstrative proof that Gascoigne employed, 
in his astronomical observations, telescopes composed of two convex lenses, 

In a letter to Crabtree, dated January 25, 1640-1, Gascoigne thus 
writes :—-“ If here (in the focus of the telescope) you place the scale that 
measures . ,.. . or if here a hair be set that it appear perfectly through 
the glass... . . you may use it in a quadrant, for the finding of the 
altitude of the least star visible by the perspective wherein it is, If the 
night be so dark that the hair, or the pointers of the scale, be not to be 
seen, I place a candle in a lanthorn, so as to cast light sufficient into the 
glass, which I find very helpful when the moon appeareth not, or it is not 
otherwise light enough.” In another letter to Crabtree, dated on Christ- 
mas eve, 1641, he thus writes :— Mr. Horrocks his theory of the moon 
I shall be shortly furnished to try, for I am fitting my sextant for all 
manner of observations, by two perspicills with threads. And also I am 
consulting my workman about the making of wheels like 8, y, 3, & of 
diagram 8, to use two glasses like a sector, If I once have my tools in 
readiness to my desire, I shall use them every night. I have fitted my 
sextant by the help of the cane, two glasses in it, and a thread, so as to 
be a pleasant instrument, could wood and a country jomer or workman 
please ine.” 

In another letter, the date of which was found by Derham to be worh 
out, but which was marked as his tenth letter, in Crabtree’s own hand- 
writing, he says :—*“I have caused a very strong ruler to be exactly made, 
and intend to fit it with cursors of iron, with glasses in them, and a thread 
for my sextant.” 

The following extract of a letter from Crabtree to Gascoigne, dated 
October $0, 1640, will tend still further to establish the same point :—~ 
“ You told me, as 1 remember, you doubted not in time to be able to make 
observations to seconds. I cannot but admire it, end yet, by what I saw, 
believe it; but long to have some farther hints of your conceit for that 
purpose. One means, I think, you told me was, by a single glass ina 
cane, upon the index of your sextant, by which, as I remember, you find 
the exact point of the sun's rays.” In another part of the same letter he 


* Phil. Trauz., 1717, p. 603, 
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says“ Could I purchase it with travel, or procure it for gold, 1 would 
not be without a telescope for observing small angles in the heavens ; 
hor want the use of your other device of a glass in a cane upon the move. 
able ruler of your sextant, as I remember, for helping to the exact point 
of ‘the sun’s rays.”* 

The perusal of the foregoing extracts cannot leave a shadow of a doubt 
in the mind of the reader that Gascoigne distinetly perceived the advan- 
tage of telescopic sights in fixing the position of a celestial body, and that 
he had actually reduced his ideas to practice, in making observations with 
the quadrant and the sextant. ‘Yo him, therefore, must be awarded the 
credit due to the original invention of this important method of observa- 
tion. It has been already remarked that the application of the Galilean 
telescope to that purpose was impracticable. ‘The above-cited extracts 
from Gascoigne’s letters clearly prove that he had succeeded in fixing the 
position of the optical axis of his telescope, and in this respect they tend 
to corroborate the assertion of Sherburne that he-was “the first who con- 
structed a telescope composed of two convex lenses. 

-The materials which serve to establish the interesting fact that Gas- 
coigne employed telescopic sights in observing the celestial bodies, were 
not published until early in the beginning of the eighteenth century, when 
the same mode of observation had been already known to astronomers for 
about fifty years. ‘The improvement which he thus effected can only 
be regarded, therefore, as forming the groundwork of an interesting 
episode in the history of practical astronomy, rather than as constituting 
a link in the chain of gradual advancement. In this respect it differs 
from his invention of the micrometer, which continued after his death 
to be made use of in the north of England, although it appears to have 
been unknown for many years both in London and on the Continent. 

The earliest allusion to the use of the telescope in observing the posi- 
tions of the celestial bodics is contained in Sprat's « History of the 
Royal Society.”| Ina general exposition of the labours of the Society, to 
which reference has already been made, he makes the following statement: 
“ They (the Fellows of the Society} have suggested the making of a per- 
foct survey, map, and tables of all the fixed stars within the zodiac, both 
visible to the naked eye and discoverable by a six-foot telescope with a 
large aperture; towards the observing «the apparent places of the planets 
With a telescope both by sca and land. This has been approved ind 

ot- 





begun, several of the Fellows having their portions of the heavens a 
ted to them.” } F 


* The following extracts from the same collection of letters exhibit a beautiful illus- 
tration of the feeling which ought to reign between Persons engaged in scientific pursuits, 
whether during the period of youthful enthusiasm or that of mature manhood. Ina letter 
to Gascoigne, dated December 8, 1640, Crabtree thus writes :—« My friend, Mr. Hor- 
rocks, professeth that little touch which I gave him of your inventions, hath ravished his 
mind quite from itself, and left him in an extasie between admiration and amazement. | 
beseech you, sir, slack not your intentions for the perfecting of your begun wonders, 
We travel with desire till we bear of your full delivery. You have our votes, our hearts, 
and our hands should not be wanting if we could further you.” In another letter dated 
December 6, 1641, he thus writes to Gascvigne :—“ No inan that hath written of the 
diagram (of Hipparchns) understood it fully or described it rightly, but only Kepler and 
our Horrocks, for whose immature death there is yet scarce a day which I pass without 
“some pang of sorrow.” 

+ Sprat’s * History of the Royal Society,” p. 190. The close resemblance of this 
Project to that in which the Berlin Academy of Sciences is engaged in the present day, 
cannot fail to strike the reader. 
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In another part of the same work the author states that the Society 
have made “observations of the fixed stars for the perfecting of astro- 
nomy by the help of telescopes.”* - In an account of their optical 
labours he asserts that they have constructed “several excellent tele- 
scopes of divers lengths of six, twelve, twenty-eight, thirty-six, and sixty 
feet long, with a convenient apparatus for the managing of them; and 
several contrivances in them for measuring the diameters and parts of the 
planets, and for finding the true position and distances of the sun, fixed 
stars, and satellites.”+ 

Tn an account of the inventions of Wren (afterwards Sir Chris- 
topher), one of the Fellows of the Society, Sprat makes the following 
statement :-—-“* He has made two telescopes to cpen with a joynte like a 
sector, by which observers may infallibly take a distance to half minutes, 
and find no difference in the same observation reiterated several 
noe, nor can any warping or luxation of the instrument hinder the truth 
of it."* ; : 

‘This seems to be the same instrument as the one mentioned by Hooke 
in his * Animadversions upon the Machina Celestis of Hevelius,” wherein 
he states—in reply to an objection made by Hevelius that telescopic 
sights had never been applied to large instraments—that he had then by 
him an instrament of Sir Christopher Wren’s invention, furnished with 
two perspective sights of six feet long each, which he made use of for ex- 
amining the motions of the comet of 1665 §. 

It appears that as early as the year 1665, Hooke wrote a letter to 
Hevelius strongly recommending him to employ telescopic sights in pre- 
ference to the ordinary pinnales/|. At the meeting of the Royal Society 
held on the 4th of November, 1667, there was read a letter from Heve- 
lius, dated October 21 of the same year, in which he expressed a desire 

of having one of the longest telescopes made in England pro- 
vided for him, and of being gratified with a fall description, Sormerly 
promised him by Mr. Hooke, of the way of applying telescopical sights 
to sextants.” 

It appears from the foregoing statements that at least as early as the 
year 1665 Wren and Hooke, two of the most distinguished philosophers 
of the age, hud employed telescopic sights in observing the celestial 
bodies. Lhe earliest observations made by the use of the telescope’ in 
this way, of which the details have been actually published, are those of 
the French astronomer Picard. In the Histoire Céleste of Lemonnier 
there is an account of observations of the meridional altitude of the sun, 
made by Picard in the garden of the Royal Library of Paris, with a 
quadrant of nine feet seven inches, and a sextant of six feet, both fur- 
nished with telescopes. The earliest of these observations is dated 
October 2, 1667**. In his treatise on the “ Measure of the Earth” the 
same admirable astronomer has described the different modes of verifica- 
tion to be employed in using instruments fitted with telescopic sights }. 





* Sprat’s Hist. Roy. Soc. p. 241." + Ibid, p. 250. + Ibid, p. 314. 
§ “ Animadversions on the first part of the Machina Celestis,” p. 42, London, 4to, 
1474. 
|| Hevelius in the same year replied to. Hooke in a letter addressed to the Royat 
Society, for the contents of which see Hooke’s Animadversions, &c., p. 5. . 
4 Birch, History of the Royal Society, vol. ii. p. 208. 
** Histoire Céleste, p. 11. 
+t See also Anc. Mém, Acad. des Sciences, tome vii, p. 183, 
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Hooke, without seeming to be aware of what Picard had done, has also 
given an account of similar methods of adjustment in his “ Animadver- 
sions upon the Machina Celestis of Hevelius.”* 

The establishment of the national observatories of Paris and G¥en- 
wich immediately followed—the yemarkable improvements in praétical 
astronomy above alluded to. The~Royei- Obse=vatory of Paregas ‘com- 
menced in 1667, but was not finished before the year 1671. lt was a 
building of great magnificence, designed by Claude Perrault, the famous 
architect of the Louvre; but it was constructed without due regard to the 
purpose for which it was intended. It consisted of a quadrangular pile 
flanked by two massive towers. No means were provided in the con- 
struction of the building for enabling the’ astronomer to observe the 
celestial bodies at all altitudes, by means of instruments sheltered under 
its roof, nor was it possible to repair the omission, on account of the enor- 
mous thickness of the walls. Dominique Cassini, who had arrived in 

’ France in the year 1669, in compliance with an invitation from Louis XIV. 
‘to reside in his capital, commenced his labours at the observatory on the 
14th of September, 1671. It is important to remark, however, that no 
special duties were assigned to him in connexion with that establishment, 
nor did he derive any emoluments from the French Government, in con- 
sideration of his services as an astronomical observer. A liberal pension 
was, indeed, granted to him upon his arrival in Paris, but this was on ac+ 
count of the sacrifice he had made in leaving his native country to adorn 
France by his talents}. His superintendence of the Royal Observatory 
was naturally suggested by the position which he occupied as first astro- 
nomer of France}, but his duties were altogether discretionary. The 
other astronomers who had access to the Observatory, occasionally received 
allowances from the Government for their services, but there was no fixed 
sum set apart to provide for the annual maintenance of the establish- 
ment§. The consequence of this oversight was, that no definite plan of 
observation was projected, by an undeviating adherence to which the advan- 
tage8 of a national observatory can alone be realised. This circumstance 
long continued to exercise an injurious influence on the progress of prac- 
tical astronomy in France. 

The inherent vice in the construction ofethe Royal Observatory of 
Paris has been already alluded to. It might be expected that Cassini, 
who arrived in France when the building was in the course of erection, 
and in whose opinion upon any subject relating to astronomy the 
French Government reposed unbounded confidence, would have effectually 
used his influence in preventing so deplorable a sacrifice of the interests 
of science to the fancy of the architect. It is true that he did not fail to 
remonstrate on account of the defective plan of the building, but the 
modifications proposed by him, shewed that his ideas were not in accord» 
ance with the existing requirements of practical astronomy. Among the 
alterations recommended by him, was the construction of an apartment in 

* One of the most remarkable methods of adjustment practised by these astronomers 

. consisted in reversing the instrument so as to determine the error of collimation. It is a 
curious fact that the Arabian astronomer, Ibyn Jounis had already suggested a similar 
method of adjustment with respect to the gnomon. Thus, among several modes of veri- 
fying the perpendicularity of the instrument, he recommends to turn it round and make 
observations with it in two opposite directions. Delambre, Hist. Ast. Moyen Age, p. 102. 

+ Cassini 1V., Mémoires pour servir a f Histoire des Sciences, p- 186, 4to, Paris, 1810. 

+ First astronomer, at least, in the estimation of the Court of Louis XIV. 
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which the celestial bodies might be observed from east to west throughout 
the whole of their diurnal courses*. Such a mode of observation might 
have been very serviceable for the discovery of satellites, and for the ex- 
amijation of the physical constitution of the planets, but in so far as the 
deterffinations of the positions of the celestial bodies was concerned, the 
tendency of -tche age wes towards. ovservations made exclusively in the 
plane of the meridian with fixed instruments. The alteration proposed by 
Cassini was, in fact, such a one as Tycho Brahé would have recommended 
for the purpose of making ordinary observations of the cclestial bodies with 
his equatorial armille. Another alteration suggested by him was the 
admission of the solar light through an aperture, so as to trace upon the 
floor the daily course of the sun throughout the year. By this con- 
trivance he contemplated the formation of a vast sun-dial: he also ex- 
pected to derive from such observations a more accnrate knowledge of the 
variations of refraction. It is not difficult to perceive that such an alter- 
ation, if it had been carried into effect, would have been in reality a step 
backwards rather than a positive improvement. The remarkable success 
which attended Cassini's early efforts of a similar kind at Bologna, seems 
to have given a bias to his views on practical astronomy, from which he 
was unable completely to emancipate his mind throughout the whole 
course of his life. It does not seem to have occurred to him that the use of 
the telescope and the pendulum, introduced into the practice of observation 
a degree of delicacy and precision, which left all such clumsy contrivances 
immeasurably behind. It must he acknowledged, therefore, that notwith- 
standing the distinguished talents of Cassini, and the many brilliant dis- 
coveries which he made in celestial physics, the position which he occupied 
in France at the time of the establishment of the Roya! Observatory of 
Paris, was unfavourable to the advancement of practical astronomy in that 
country. 

Picard commenced his observations at the Royal Observatory of Paris 
on the 9th of July, 1678. This admirable astronomer was one of the 
first to perceive that the improvement effected by Huyghens in thé con- 
struction of clocks completely removed the difficwty experienced by 
Tycho Brahé and his contempors their attempts to employ the ele- 
ment of time in astronomigal obseryations. It was now clearly seen that 
by determining the altitudes of the celestial bodies as they passed the 
meridian, and noting the times of observation, their declinations and 
right ascensions would be obtained with a degree of accuracy commensu- 
rate to the existing state of theoretical astronomy. The simplicity of this 
method gave it an incalculable advantage, as soon as it was found to be 
practicable, over any other that had been hitherto employed for a similar 
purpose. With the view of carrying it into effect, Picard solicited the 
establishment of a quadrant in the plane ofethe meridian, but although 
he continued to labour several years at the observatory, the object of his 
request was not accorded to him. Not having such an instrument avail- 
able to him, he determined the instant of the passage of a celestial body 
across the meridian, by noting the times at which the body attained 
the same altitude on each side of that circle}. It is manifest that the 














* « Mémoires pour servir a ‘Histoire des Sciences,” p. 294. 

+ Sometimes the same object was effected by meaus of observations made with a tele- 
scope.attached to a wall whose face was in the plane of the meridian. This instrument, 
termed la lunette mirale, was also occasionally employed in determining the apparent 
allitudes of the stars included within # small range of observation. 
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time equidistant from the two observations, indicated the instant of the 
passage of the body over the meridian. In applying this method to the sun, 
Picard did not fail to take into account the correction depending upon the 
change of declination during the interval included between the two ob- 
servations. We have seen that this method of observation, which ig 
termed the method of corresponding altitudes, had been already employed 
by the astronomers of India as well as by the Arabian astronomers, in 
tracing the direction of a meridian line ly means of observations of the 
sun. It does not appear, however, that they paid any attention to the 
correction above referred to. The application of the method, however, to - 
the celestial bodies generally, and the necessity of employing a correction 
in the particular case of the sun, were distinctly pointed out by Thomas 
Digges in his “ Ale seu Scale Mathematice,” published at London in 
1573 *, * 

Picard’s labours at the Royal Observatory of Paris extend to 1682,-in 
the autumn of which year he died. The name of this astronomer is im- 
perishably associated with the improvements effected in practical astro: 
nomy in the seventeenth century. It cannot but be a maiter of regret to 
every person who takes an interest in the progress of astronomical science, 
that he was not selected to direct the national observatory of his country. 
Unfortunately his labours were not calculated to attract the attention of 
that class of persons whose attachment to astronomy is founded solely on 
the pleasure to be derived from gazing at eclestial phenomena. He ap- 
pears, moreover, to have been a man of a retiring disposition, who de- 
voted his talents to the cultivation of science for its own sake, regardless 
alike of the applause of the multitude or the patronage of the great. 
Hence it happened that although he was, of all the astronomers of his age, 
perhaps the one most qualified to superintend the duties of an observatory, 
he was set aside by the government of his own country, and a foreigner 
appointed over the national observatory, whose labours, indeed, were of a 
more brilliant character, but were of infinitely less importance to the pro- 
gress of astronomical science than were those of Picard. It is deplorable 
to see the interests of a great country thus sacrificed to the captices of a 
court. The circumstance may well excite the indignation not merely of 
Frenchmen, but of every person who is moved by the spectacle of true 
merit thus contemptuously overlooked, while the individual who exhibits 
qualities of a more meretricious nature is caressed and favoured. 

La Hire commenced his observations at the Royal Observatory of 
Paris, in the year 1677. A mural quadrant of 5 feet radius, which Picard 
had long solicited in vain, was finally adjusted, and permanently fixed in 
the plane of the meridian on the 25th of April, 1683. La Hire con- 
tinued to make meridional obsérvations with this instrument for a period 
of more than thirty years; bat unfortunately none of those later than the 
year 1686 have ever been published. 

The establishment of the Royal Observatory of Greenwich was only a few 
years posterior to that of the similar institution of Paris. The following 
account of its origin is given by Flamsteed :—In 1675, a Frenchman, who 
styled himself Le Sieur de St. Pierre, represented to the English govern- 
ment that he was in possession of a method of finding the longitude from 


* The words of Digges are:—«.. .. Non solum per solem orientem aut occi- 
dentem, seu sub aqualibus altitudinibus deprebensum ( Prosthapheercesi elapso inter ob~ 
servationes tempore convenienti pro solis motdi non n glecta), sed etiam per stellas fixas 
omnes.” (Suppnlementa Conituleon Conse. rT. meee Re 
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easy celestial observations, and claimed the reward offered for such a dis- 
covery. The method which he was desirous of communicating, was 
founded on a comparison of the observed and calculated distances of the 
moon from the fixed stars. A committee, consisting of Lord Brouncker, 
the Bishop of Salisbury, and several other individuals, was appointed to 
take the subject into consideration. Flamsteed, who, through the influ- 
ence of his patron Sir Jonas Moore, was nominated one of the members 
of the committee, was requested to provide the observations which the 
Frenchman demanded for the purpose of illustrating the practicability of 
his method. Flamsteed speedily supplied the necessary observations, but 
he took occasion to remark that, however accurate they might be, the 
method was still defective, inasmuch as the best astronomical tables some- 
times erred to the extent of 12’ in the moon's place. Moreover, he 
stated that the method tacitly implied that the places of the fixed stars in 
Tycho Brahé’s catalogue were absolutely correct, whereas he had found by 
his own observations that they were generally 5’ or 6’ in error, and in 
some instances even more. The commissioners agreed unanimously in 
the justness of Flamsteed’s remarks, and, at the suggestion of Sir Jonas 
Moore, it was resolved to memorialise the king on the expediency of erect- 
ing an observatory for the purpose of making observations of the celestial 
bodies which might serve for the discovery of the longitude, since the 
solution of that important problem appeared evidently unattainable by any 
other means *. 

The king gave his cordial assent to the views of the commissioners, 
and steps were immediately taken to carry them into effect. Flam- 
steed was appointed Astronomer Royal, with a salary of £100 a year. 
The warrant of Charles II. for the payment of his salary is dated 
March 4,°1674-5. He is therein styled “our Astronomical Obser- 
vator,” and it is declared that the duty of his office is “forthwith to 
apply himself with the most exact care and diligence to the rectifyin, 
the tables of the motions of the heavens, and the places of the fixe 
stars, 80 as to find out the so much desired longitude of places for 
the perfecting the art of navigation.” The warrant for the building 
of the Observatory is dated June 2nd, 1675. It modestly announces 
the royal resolution to build a small observatory in the park at Green- 
wich “in order to the finding out of the longitude for perfecting navi- 
gation and astronomy.” Sir Christopher Wren is charged to prepare 
the plan of the building, and to select a proper site for it; and the Master 
General of the Ordnance is instructed to advance the funds necessary for 
its completion, upon the condition that the expense of erection do not ex- 
ceed five hundred pounds +. 

The foundation stone of the observatory was laid on the 10th of August, 
1675, and the building was finished in less than a year. Flamsteed took 
up his residence at it on the 10th of July, 1676, and shortly afterwards 
commenced his duties as an observer. Before proceeding further with the 
history of this famous observatory, it will be desirable to allude briefly to 
the important labours of Roemer on the Continent. 


* Baily’s Life of Flamsteed, p. 125. 

t+ Flamsteed states that, besides £500 in money, the king allowed bricks from Tilbury 
Fort, and some wood, iron, and lead from a gate-house demolished in the Tower; and 
that he also encouraged them further with a promise of what more would be requisite, 
According to Mr. Baily, the actual cost of erection amounted to £520 9s. 1d. (Baily’s 
Life of Flamsteed, p. 39.) 
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Olaus Roemer was born at Copenhagen on the 25th of September, 
1644. When Picard proceeded to Denmark in 1671, for the purpose of 
determining the exact Position of Uranibourg, the scene of Tycho Brahé’s 
labours, he found Roemer engaged in studying mathematics and astronomy 
under Erasmus Bartholinus. Having discovered that the young man was 
possessed of no ordinary talents, the French astronomer employed him ag 
an assistant in his astronomical observations, and, at their conclusion in 
1672, he brought him along with him into France. Tn 1675 Roemer 
communicated to the Academy of Sciences of Paris a memoir, in which 
he announced his discovery of the gradual propagation of light. This 
important communication obtained for him a seat in the Academy. He 
had also apartments assigned to him at the Royal Observatory, where he 
continued, during his residence in France, tomake gecasional observations 
of the celestial bodies. Tn 1681 he returned to Donec having been 
appointed Royal Professor of Mathematics in the University of Copen- 
hagen: The great reputation which he had already acquired in France, 
pointed him out ag a person eminently qualified to undertake the duties 


es of astronomical observation. In consequence of the instruments” 

eing placed at the very top of the building, they were constantly liable to 
be disturbed in their positions by the violence of tempestuous winds. ‘It 
was also found to be injurious to the health of the observer to prosecute 
his labours in so exposed a situation. Roemer, therefore, resolved to 
obtain the erection of a more suitable observatory in some open district.of 
the country; but having been unable to realise his views so soon as he 

desired, he was induced in the meantime to convert his private dwelling- 
house into a temporary observatory. 

The most remarkable novelty of the Observatorium Domesticum of Roe- 
mer was the Transit Instrument of whieh that distinguished astronomer 
was the inventor*. It was placed so as to make observations with it 
at a window. In consequence of the interposition of the neighbouring 
houses, it was impossible to command the view of a very large arc of 
the meridian. The range of the instrument extended from 20° south 
declination to 40° north declination. The axis, which was of iron, was 
five feet long, and an inch and a half thick. Its extremities rested 
upon iron supports inserted in the sides of the window, and the direc- 
tion of its position was east and west, so as to allow a telescope attached 
to it to revolve freely in the plane of the meridian. The telescope was 
placed near one of the extremities of the axis. In order to obviate 
the effects of flexure, the tube of the telescope was composed of two 
cones attached to each other at their bases. At the focus there were 
inserted three horrizontal and ten Vertical threads, but of the latter only 
three were used in practice. The illumination of the field of view was 
effected by means of a lantern placed above the centre of the telescope 
which threw its light upon a perforated concaye speculum inserted a, little 
behind the object-glass, the speculum again reflecting the light along 
the interior of the tube. In order to admit the passage of the light to 
the speculum, the upper portion of the tube of the telescope near the 


Was a projecting arm, carrying at its extremity @ microscope by means of 
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which the declinations of the celestial bodies were read upon a graduated 
are fixed opposite to it. The arc, which extended to 75°, was divided to 
every ten minutes. In the common focus of the object-glass and eye- 
glass of the microscope there were inserted eleven parallel threads, by 
means of which the interval between two consecutive points of the gradu- 
ated are was divided into ten equal parts. The interval between two 
threads was consequently equal to a minute, and this again, according to 
Horrebow, the assistant of Roemer, might be subdivided by estimation so as 
not to commit an error of more than 2)” or 8” in determining the declina- 
tion of acelestial body *. The pressure of the telescope and projecting arm 
upon the axis of the instrument, was counterpoised by a weight tending to 
pull it upwards at the centre. This contrivance was devised by Roemer 
some time after the iystrament had been in use, in consequence of certain 
irregularities in the observations, which he could only account for by the 
flexure of the axis. The error of collimation of the telescope was ascer- 
tained by reversing the instrament. For this purpose a mark was care- 
fully observed in the open fields before the instrument was placed in ita 
position. The adjustment of the instrument so as to make the telescope 
revolve exactly in the plane of the meridian was effected by means of ob- 
servations of corresponding altitudes of the stars}. Horrebow states 
that the horizontality of the axis of rotation was carefully ascertained, 
but_he does not mention by what means this object was effected. 

Roemer continued to make observations with this instrament until a 
suitable observatory was erevted for him in the country, when he obtained 
another of a similar kind but of a more perfect construction. Horrebow, 
his successor, states that in 1715, he prepared a suitable place for the 
original instrument in the ancient observatory, and having transported it 
thither, made many thousand observations with it, which were registered 
in fourteen folio volumes, when on the 2ist of October, 1728, these, 
as well as all Roemer’s observations, and also the others which he himself” 
had made, were destroyed by the fatal conflagration which consumed so 
large a portion of the’city.on that occasion . 


* Roemer’s instruments were in general divided in the first instance to every ten mi- 
nutes, and afterwards subdivided to every minute by means of the microscope, the seconds 
being estimated as mentioned in the text. From the circumstance of eleven threads 
being required to divide the space between two consecutive points on the instrument into- 
ten equal parts, Delambre has hastily concluded that the threads performed the function 
of a vernicr, but this is obviously a mistake, 

t Delambre, who can see in Roemer only a person who carried out the ideas of Picard, 
endeavours, in every possible manner, to diminish the credit due to the Danish astro- 
nomer for the invention of this invaluable instrument; and, in order to attain his end, he 
has not scrupled to throw out an insinuation no less at variance with truth than it is un- 
worthy of his high reputation as an historian of science. Thus, while trying to discover 
the reasons which induced Roemer to construct his instrument, he expresses himself in 
the following terms:—* 2... Peutétre Roemer n’a-t-il été induit & la faire con- 
struire que pour la raison unique que le mur de sa chambre était oblique au méridien 
qu'il ne pouvait y placer un quart de cercle et pas méme Ja lunette murale de Picard.” 
(Hist, Ast. Mod., tome ii., p. 639.) Now so far from it being true that Roemer fell 
upon the construction of the transit telescope by mere accident, as Delambre has sug> 
gested in the foregoing passage, it appears from a letter which the Danish astronomer 
wrote to Leibnitz in 1700, that as early as the year 1675 he had discovered the peculiar 
advantages of such an instrament, but was hitherto unable to obtain a suitable building 
wherein to place it. Thus he commences his description of the instrument in the fol- 
lowing terms:— “. 2... De instrumento, cui uni aptum edificlum, jam per 25 annos 
exoptavi, sed nunquam obtinere licuit.” (Miscellanea Beroliniensia, tome iii., p. 277.) 

f Basis Astronomiz, p. 55. 
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Roemer, in his views of practical astronomy, seems to have been far 
in advance of the age in which he lived. He makes some admirable 
remarks on this subject, in a letter dated Decémber 15, 1700, addressed 
by him to Leibnitz, who had solicited his opinion upon the most suitable 
plan of an observatory. “I differ very widely,” says he, “from those 
who have hitherto decked out observatories more for show than for use, 


accommodating the instruments to the buildings rather than the buildings - 


to the instruments.”* The illustrious Dane, while writing these lines, 
had doubtless a vivid recollection of the magnificent “ Observatoire de 
parade+” on the banks of the Seine, and of the expedients which Picard 
and himself were compelled to adopt, while endeavouring to fix a quadrant 
in the plane of the meridian, in the year 1678 {. The superiority of cir- 
cular instruments, when compared with the quadrant and sextant, did not 
escape his sagacity: “I do not concur with others,” says he, “in their 
opinion respecting the coustruetion of instruments, since I consider that 
the use of the quadrant and séXtant should be altogether abandoned, 
for I would place more confidence in a circle of four feet, than I would in 
a quadrant of ten feet."§ He then Proceeds to describe the plan of an 
observatory, which he had long desired for himself, and the character 
of the instruments which he designed to employ in it. In both these 
respects his wishes were fully realised a few years afterwards, as ap- 
pears from the following description of his Rural Observatory, given by 
Horrebow :— 

“The * Observatorium ‘Lusculaneum ’ of Roemer was built in an open, 
situation upon a gentle eminence, a little to the west of the ancient 
observatory, It was 17 Danish feet in length, the walls were 53 feet 
high outside and 6} feet inside. ‘The observations in the meridian 
were made with an ingtrument termed the Hota Meridiana, or Meridian 
circle. It consisted of a circle of 53 feet in diameter, revolving in the 
plane of the meridian at one of the extremities of horizontal axis of 
equal length. A telescope 5 feet long was attached to the eastern face 
of the circle. The intrument rested upon two solid supports of fir-wood, 
fitted with bars of metal into which the oxtremities of the axis were 
inserted. In order to prevent flexure, the axis was composed of two 
hollow cones of iron attached at their bases. The focus of the telescope 
was traversed by seven yertical and three horizontal threads. The divi- 
sions of the inStrument were read by means of two microscopes fixed op- 
posite the face of the circle at a distance of 10° from each other. The 
mode of reading off was similar to that practised in the case of the instru- 
ment already referred to. In order that the instrument might command 
the whole of the meridian from the northern to the southern horizon, a 
continuous fissure about 4 inches broad, was formed in the walls and roof 
of the building, the parts being united by iron bars only in those places 
where no stars were apparent. 


Roemer did not fail to verify his instrument before commencing his’ 


* Miscellanea Beroliniensia, tome iii., p. 277. t M. Arago, Annuaire, 1845. 

+ Horrebax, in his Basis Astronomia, cites a statement of Roemer's to the effect that 
he, in conjunction with Picard, fixed a mural quadrant in the plane of the meridian, at 
the Royal Observatory of Paris, in the year 1678. This seems to be contradicted by La 
Hire, who asserts that the mural quadrant was adjusted permanently in its position only in 
the year 1683. It is probable that the expedient employed by Picard and Roemer was 
merely of a temporary nature. 
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observations with it. The deviation of the optical axis of the telescope 
from a line perpendicularto the axis of rotation, or in other words, the 
error of collimation, was ascertained by reversing the instrument. As 
this modé of verification was troublesome, he subscquently effected the same 
object by observing two distant marks in the horizon, diametrically opposite 
to each other. ‘The horizontality of the axis of rotation was ascertained by 
means of the plumb-line. The adjustment in the plane of the meridian 
was effected by the aid of observations of Capella and @ Lyre, during 
their passages above and beneath the pole. : 

The other instrument employed by Roemer in his Observatory was a 
telescope revolving in a plane perpendicular to the meridian. It was fur- 
nished with a system of vertical threads at its focus, similarly to the tele- 
scope of the meridian circle, being designed to be used in observing the 
passage of the celestial bodies across the prime vertical *. 

In order to exhibit an illustration of his mode of observing, Roemer drew 
up a list of the declinations and right @scensions of certain stars, deter- 
mined by him with the meridian circle on three consecutive nights in tHe 
month of October, 1706. This ot collection received from him, in 


* It is to be regretted that Delambre, who was so eminently qualified to appreciate the 
. value of the improvements in practical astronomy effected by Roemer, has allowed his 
mind to be so overruled by preconceived notions as to have been betrayed into @ com- 
Jete misrepresentation of the labours of that astronomer on the present occasion. Thus, 
in his description of the Observatorium Tusculaneum, the following extraordinary pas- 
sage occurs :—“ On y voit deux portes, quatre fenétres, un lit, une cheminée, quatre 
horloges, et deux lunettes, l'une meridienne, lautre, plus petite, qui tournait dans le pre- 
mier vertical, Mais ce qu'il y a de singulier c’est que de quatre fenétres, deux sont dans 
Ja direction de l’axe de rotation, et qu’ une seule tout au plus parait étre dans la direction 
de fa lunette principale ( Planche vit ), et que la Planche III. destinée principalement a 
faire connaitre Vinstrument, et re nous montre Roemer occupé a observer, parait prouver 
Vimpossibilité absolue de diriger la lunette au nord ; et quand tout serait ouvert, et la lunette 
tournée au nord, on ne concevrait pas mieux comment l’observateur pourrait passer du cdtéde 
Voculaire,” (Hist, Ast. Mod. tom. ii., p. 654). It will be evident to any person who be~ 
stows even a passing glance over the pages of Horrebow’s Busis Astronomia, that Delambre, 
in the foregoing passage, confounds the Observatorium Domesticum fitted up by Roemer in 
a corner of his house in the year 1690, with the more complete edifice erected by him in 
1704, which ig denominated by Horrebow the Observatorium Tusculaneum. In fact, 
Plate IIL. refers to the former of these observatories, and to the original transit instru- 
ment (termed by Horrebow the Machina Domestica), while, on the other hand, Plate 
VIII. is intended to represent the Tuseulan Observatory with the Rog Meridiana and 
the prime vertical telescope. It has been mentioned in the text that the observations 
with the Jota Meridiana, instead of being made at a window barely opposite to the 
telescope, as Delambre seems oddly enough to imagine, were in reality-made through a 
fissure in the building, situate exactly in the plane of the meridian; and that so far from 
its being impossible to direct the telescope towards the north, the extent of the fissure 
allowed its being directed to any point in the meridian included between the northern 
and southern horizons. The following words of Horrebow are so explicit upon this 
point that it seems incredible that they should have escaped thesnotice of Delambre :— 
“Ut autem tubo cum machina primaria M (Rota Meridiana) circumvoluto totus meridi- 
anus ab horizonte australi per zenith usque ad horizontem borealem pateret, parietes 
wdificii cum tecto acuminate rimam continuam habebant quatuor pollices latam, ane 
(Basis Astronomia, p. 141). The following remark of Delambre’s in reference to th 
same subject is, perhaps, still more calculated to excite astonishment than apything that 
has yet been cited :_—“* Horrebow regrette qu’on -n’eut pas la faculté d'observer les étoiles 
circumpolaires ; ses planches paraissent démontrer cette impossibilité et ¢ependant la 
polaire; la téte du Dragon, la Lyre, Ja téte et la queue du Cygne, deux étoiles de la 
queue de la Grande Ourse, ont eté observées au _dessous comme au dessus du pdle.” 
( Hist. Ast. Mod. tom. ii. p- 654). The words in Italics, which are so inserted in the 
original, with the evident intention of impressing their significance more strongly upon 
the reader, afford a remarkable illustration of the facility with which a person may be 
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consequence, the appellation of the Triduum. Unfortunately, it con~ 
tains the only results of his labours that have béen preserved, al! his other 
observations having been destroyed during the fire of 1728. In aceuracy 
they are surpassed only in a slight degree by the observations of the pre- 
sent day. The passages across the meridian are generally observed at the 
three vertical threads, or wires of the focus, as they are now technically 
termed. The time is in several instances assigned to fractions of a second. 
It is no mean tribute to the memory of Roemer, that the observations of 
the Triduum constitute the earliest collection of facts that have been 
deemed worthy of being employed as data in the solution of the great 
problem of modern astronomy—the motion of the Solar System in space, 

The Tusculan Observatory was built in the year 1704, and in the month 
of December of the same year, Roemer commenced his labours in it, 
which he continued to prosecute till his death in 1710%. Horrebow states 
that the observations made by Roemer during this period, filled three large 
folio volumes, and equalled in number those of Tycho Brahé. The ob. 
Servations were continued after the death of Roemer, till the autumn 
of 1711, when the Observatory, by gome unexplained casualty, was de- 
stroyed +. The instruments, which shined great injury on this occasion, 
were transported to the ancient Astronomical Tower, where, with all the 
observations, except the Triduum of Roemer, a copy of which was safely 
deposited in the hall of the Academy, they were finally consumed by the 
drendful fire of 1728. 

Roemer was the first person, who constructed an altitude and azimuth 
circle. Tycho Brahé and Hevelius had made use of quadrants moveable 
about a vertical axis, but Roemer did not fail to perceive that such instru- 
ments were essentially defective. The diameter of the vertical cirele of 
Roemer’s instrument was three fect five inches ; the diameter of the azi- 
muth circle was three feet eight inches. The instrument was chiefly used 


betrayed into error upon any subject, when, instead of carefully examining facts, he 
allows his mind to be so wholly engrossed by his own favourite ideas as to look for nothing 
else except what may appear to corroborate them. We venture to assert, that the words 
above cited are not ‘to be found anywhere in the book which Delambre professes to be 
azalyzing. Indeed, it is obvious that they are utterly inconsistent with Horrebow’s de- 
scription of the Tusculan Observatory, the edifice to which they relate. Delambre him- 
self has not failed, in the above passage, to remark that the regret expressed by Hortebow 
is at variance withthe fact of several cireumpolar stars hay ing been observed by Roeroer ; 
but it seems wholly unaccountable that he was not thereby induced to look’ more nar- 
towly into the -subjecf, go as to discover the origin of this apparent contradiction. It is 
not difficult to trace the passage in the Basis Astronomia which Delambre has so griev- 
ously misinterpreted’(see p. 151 of the work just cited), but it is manifest that only the 
most unwary explorer of that work, seduced by some mental hallucination, could have 
been ensnared by such a passage, 

* Delambre remarks, that as the observations which form the basis of Roemer's 
fragment on the annual parallax of the terrestrial orbit, inserted by Horrebow in 
his Basis Astronomice, were made by Roemer in the year 1692, they were anterior to the 
erection of the Tuscnlan Observatory, and he therefore concludes that we are totally ig- 
norant of the kind of instrument employed by Roemer in these observations, ( Ainsi 
OUS Re Savons pas quel instrument il a employé dans ces observations. Hist. Ast, Mod., 
tom. ii., p. 640.) This is another striking instance of the mistakes into which Delambre 
has fallen by confounding the Observatorium Daemesticum of Roemer with the Observa- 
torium Tusculaneum. The observations referred to were, in fact, made at the former of 
these edifices, (which was fitted up as early as 1690,) with the original transit instrament, or 
Machina Domestica, already described in the text. 

+ Horrebow simply says— Postea desolatum est observatorium.” From this expression, 
and also that which follows, “ atque instrumenta jam magnis ictibus fracta,” it would « 
seem that the building was overthrown by the violence of some dreadful storm. 
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in observing corresponding altitudes of the sun and stars, for the purpose 
of regulating the clock, and adjusting the positions of the meridional in- 
struments. : 

Roemer also constructed an equatorial instrument, by means of which 
he was cnabled to follow a celestial body throughout the whole of its 
course above the horizon, and also to measure the differences of the right 
ascensions and declinatious of two stars situate very near to each other. 
Horrebow states that the object for which Roemer expressly constructed 
this instrument, was to determine the parallaxes of the planets, by mea- 
suring their distances from the neighbouring stars at different altitudes 
above the horizon. We have seen that in 1665 Hooke proposed to effect 
the same object, by making observations of a similar kind in the meridian 
under different Jatitudes. 

There are few individuals, of ancient or modern times, who effected 
improvements in practical astronomy equal in importance to those due to 
Roemer. It is a remarkable fact that the Meridian Circle, the Altitude 
and Azimuth Circle*, and the ‘Iransit Telescope, all of which were 
invented by this astronomer, form the capital instruments of the Central 
Observatory of Russia, erected recently at Pulkowa, the most magnificent 
institution that has been established in ancient or modern times for the 
purposes of astronomical observation. 

Torrebow, who in 1710 succeeded Roemer as Astronomer Royal of Den- 
mark, has given a detailed account of the catastrophe which resulted in 
the destruction of the astronomical observations of Roemer, as well as all 
those made by himself. He had been engaged at his own house'on the 
evening of October 20, 1728, in writing a commentary upon a fragment 
of Roemer’s on the Annual Parallax of the Terrestrial Orbit, which he 
had a short time previously discovered among the manuscripts of that 
astronomer, when his attention was aroused by a confused noise of drums 
and bells, announcing that a serious conflagration had broken out in the 
city}. As the place where the fire was raging, was at a considerable dis- 
tance from his own house, he was for some time in hopes that it would be 
extinguished without occasioning him any inconvenience. The ‘wind, 
however, hgwing unfortunately shifted about cight o'clock in the evening, 
the fire now began to approuch his own dwelling-house. Presently frag- 
ments of burning mutcrial fell into his court, while other portions, alight~ 
ing on the roof of lis house, threatened it with instant danger. There 
was now no time to be lost. is maid-servants were hastily conducted 
out of his house, along with eight children, four of whom were in a state 
of nudity, while the nurse carried in her arms an infant which had. been 
only recently born. His wife and his eldest son, a youth of sixteen years 
of agé, remained with him, and, with other friends, assisted in transport- 











_ing his effects to the Hall of the Academy. This new place of refuge 


* The use of the Vertical Circle of Pulkowa is indeed different from that of Roemer'’s 
instrument, being employed mainly in observing the celestial bodies a few minutes before 
and after their culmination. 

+ The mode in which poor Horrebow endeavours to bring the dreadful catastrophe be- 
fore the mind of the reader is quite dramatic. [le supposes himself to be engaged in 
writing his commentary, and to be interrupted in the midst of his labours (as was really 
the case) in the following manner :_—* Namque ex observationibus ab anno 1692 usque ad 

2 ipsum beatum authorem purallaxia orbis annui deduxisse ex tota dissertatione, ira- 
's, § 160, clarum est, Sed quid audio! Tumultus hominum in plateis cursitantium 
et clamantium! Sonitus fistularum, tympanorum, campanarum, &c. Eheu! incendium 
ultra modum vires et incrementa sumens. Die 20 Octob. 1728, hor. 7, vespert, (Basis 
Astronomia, p. 70.) 
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being ere long threatened with conflagration also, Horrebow was compelled 
to remove his effects to the Astronomical Tower. His wife, worn out 
with fatigue and anxiety, went in quest of her children, while he, with 
his eldest son, stationed himself in the ‘Tower, whence he could perceive 
his house falling a prey to the fury of the flames. About four o'clock in 
the morning of the 2ist of October, the wind having again shifted, the 
fire began to threaten the Astronomical Tower. By this time the avenue 
to the superior part of the ‘Tower, where Horrebow had stationed himself, 
was almost completely blocked up with a multitude of effects which had been 
deposited for safety by various persons, so as nearly to prevent his descent, 
The near approach of the fire now suggested the certain conviction that 
the Tower would speedily become a prey to the flames. The occasion for 
taking some decisive step was therefore urgent. Some bedding which he 
had thrown out at a window, was immediately taken away by thieves. He 
had now to consider only his personal safety. Before leaving his own 
house he had scarched out some manuscripts and a few engravings, which 
he locked up in a desk, and brought along with him to the ‘Tower, Being 
Anxious to carry away as much of what was really valuable as he possibly 
could, he was desirous of leaving the desk behind him, but amid so much 
confusion he lost the key, so that he wa unable to obtain access to the 
Manuscripts which he had locked up in it, and he was in consequence re- 
duced to the necessity of carrying it bodily along with him. ‘This unfor- 
tunate circumstance prevented him from carrying away other things of 
greater value. The descent to the bottom of the Tower had now become 
extremely hazardous. Abandoning, therefore, everything except the desk, 
he hastened down with it at the risk of his life, and eseaped at one of the 
doors in a state of mind bordering upon complete distraction. Shortly 
afterwards the Tower was enveloped ini flames, and all that was contained 
in it irrecoverably perished ! 

Horrebow states that he was anxious to record these particulars, 
lest it should be thought by posterity that the astronomical observations 
made by Roemer and himsélf had perished through any fault on his part. 
Doubtless no one wlio reads his sad tale will be disposed to harbour such 
an accusation against him, or to claerish towards him any r feeling 
than that of deep commiseration for his nreparable misfortune. “Notwith- 
standing the many valuable articles of his own which pevisi on that 
occasion, he asserts that there was nothing which he regretted at the 
time, or which he still continued to regret, except the loss of these obser- 
vations. He congratulates himself, however, on having rescued from the 
flames the fragment of Roemer’s on the Annual Parallax of the Terres. 
trial Orbit. 

We now resume the history of the Royal Observatory of Greenwich. 
Flamsteed, who was appointed Astronomer Royal, was born at Denby, 
near Derby, on the 19th of August, 1646. His early predilection for 
astronomy is“evinced by an observation of an eclipse of the sun made by 
him in the year 1662, the record of which appears among his MSS. pre- 
served at Greenwich. He continued to make observations of celestial 
phenomena at his native place, till the year 1674, when he was induced by 
a circumstance, to which allusion has already been made, to transfer his 
residence to London. When he entered upon his duties at Greenwich, 
he found that the Government had made no Provision to enable him to 
prosecute his observations, by furnishing the establishment with a collec- . 
tion of suitable instruments, The only appliances which he possessed for 
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this purpose, were an iron sextant of seven feet radius, and two clocks 
given him by his kind patron, Sir Jonas Moore, and a quadrant and two 
telescopes which he brought with him from Derby. The angles were 
measured with the sextant by the aid of a contrivance which Hooke had 
suggested in his ‘‘ Animadversions on the Machina Celestis of Hevelius,” 
A serew working upon the edge of the instrument (which was racked for 
this purpose) imparted a slow motion to the moveable index, upon the end 
of which it was fixed, the angles being measured by counting the revolu- 
tions and parts of a revolution of the screw. The clocks were made by 
Tompion, the most celebrated artist of the day. The pendulums were 
thirteen feet long, and made each a single vibration in two seconds of 
time. ‘The clocks required to be wound up only once in twelve months. 
The quadrant which Flamsteed brought with him from Derby had a radius 
of three feet, and was employed by him in regulating his clocks by means 
of the observed altitudes of the sun or stars *. 

Flamsteed commenced his labours at the Royal Observatory of Green- 
wich on the 29th of October, 1676. The plan of observation at first 
pursued by him was the seme as that practised by Tycho Brahé and the 
earlier astronomers. The intermutual distances of the stars were deter- 
mined by observation, and thei positions relative to two great circles in 
the celestial sphere were deduced from these results by trigonometrical 
calculation. F'lamsteed had not long continued his observations, when he 
found that Hooke’s contrivance for measuring angles with the sextant 
could not be implicitly confided in. He, therefore, drew diagonals upon 
the limb towards the end of the year 1677, and subsequently ex- 
pret each angular distance determined with the instrument not only, as 

itherto, in terms of the revolutions and parts of a revolution of the 

screw, but also in degrees, minutes, and seconds. This practice was 
found by him to be very useful in checking any inaccurate reading of the 
observations, 

In order that he might be enabled to deduce useful results from his 
observations, Flamsteed was desirous of ascertaining the latitude of his ob- 
servatory, the place of the equinox among the stars, and other points of 
essential importance ; but these objcags could not be effected by means of 
the sextant, which served only to determine the apparent positions of the 
celestial bodies relative to each other. He perceived that for this purpose 
a mural quadrant was necessary, and therefore as soon as he entered the 
observatory he endeavoured to obtain one. Shortly afterwards, Hooke 
was charged by Sir Jonas Moore, to construct a mural quadrant of ten 
feet for the observatory; but the instrument, when completed, was found 
to be totally unmanageable. Flamsteed, therefore, now began to think 
how he might take meridional altitudes with his sextant, and he so far 
succeeded in his object as to be enabled, in 1677, to determine by its aid 
the latitude of the observatory, which he found to be 61° 28’ 10”. 

Flamstéed now proceeded to correct the elements of the‘ solar theory 
by means of his own observations. He devised on this occasion an inge- 
nious method for determining the absolute right ascension of the sun. 





* Flamsteed states.that he continued to this quadrant till June, 1678, when he 
obtained a neater one from the Royal Society, which, however, he was compelled to 
restore to its owners in the month of October, of the following year. This cireumstance 
induced him to construct a new quadrant of 50 inches radius, fitted with peculiar contri- 
vances, by means of which he was enabled: to ascertain the time from observation within 
three seconds, —( Buily’s Life of Flamsteed, p. 45.) 
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He remarked that by observing the meridional altitude of that body near 
each equinox, two times might be found when he had the same declina- 
tion; and by the tables, the intermediate are described by the sun might 
be found, half of whose excess above a semicircle (if it were more than 
one), or half of whose defect (if it were less), would be his true distance 
from either equinox ut those times*. This idea forms the germ of a fun- 
damental method of Great importance which astronomy owes to Flam- 
steed, ‘and which we shall presently have occasion to allude to more par- 
ticularly, 

Finding by experience that the sextant was Very ill adapted for deter. 
mining the ‘meridional altitudes of the celestial bodies, and that the 
Government was not disposed to supply him with a mural arc, Flamsteed 
resolved to constract an instrument of the latter description at his own 
expense. This design was carried into effect by him in the year 1681; 
but the instrument Was not fixed in the meridian till 1683. It was 
of the same radius as the sextant. The are was made equal to 140° 
in order to allow observations being made of all the stars Which passed 
the meridian between the north pole and the southern horizon. Being 
very weakly constructed, the instrument was found to have warped when 
placed in the meridian. Flamsteed, however, was of opinion that with 
due care it might be usefully em ployed notwithstanding this defect, Ac- 
cordingly, during the period included between the years 1683 and 1686 
he continued to determine the altitudes of the celestial bodies with it, 
and in the following year he constructed a small catalogue of stars to serve 
as points of reference in his future observations, founded upon the results 
obtained by the aid of this slight are and the sextant }. 

Having acquired possession of a small Property by the death of his 
father in 1688, and seeing no prospect of being furnished with any instru- 
ments by the Government, Flamsteed now resolved to construct ‘a strong 
mural are at his own expense. He had already commenced Operations for 


+ This was a catalogue of 130 stars reduced to the year 1686, which he continued to 


time after he had commenced his observations with the mural are if. 1689. 

¥ Abraham Sharp was born at Littie Horton, near Bradford, in Yorkshire, about the 
year 1651, After Teceiving the elements of a sound education at his native place, he was 
put as an apprentice to a merchant in Manchester; but having no natural inclination to- 
wards commerce, he quitted his situation with his master's consent, and subsequently 
opened a school in Liverpool, at the same time cultivating an acquaintance with mathe. 
matics and astronomy, Shortly afterwards he removed to London, where he became 
known to Flamsteed, who was then about to assume the superintendence of the Royal 
Observatory of Greenwich, In 1688 he was appointed by Flamstecd to be his assistant, on 
which occasion he constructed the famous mural are with which that astronomer made the 
most valuable part of his observations, Finding that the fatigue of night observation did 
not suit. his weakly constitution, he Tetired to his native place, where he Spent the re- 
mainder of his days, living upon the Proceeds of a small Patrimonial estate, Here he 
erected an observatory, which he fitted up with instruments all of his own construction, 
He also made his own telescopes, ground his own lenses, and constructed all sorts of tools 
used by artificers, besides contriving and executing a great variety of ingenious pieces of 
mechanism. Moreover he is the author of a mathematical work containing a collection 
of most elaborate tables relating chiefly to logarithms, Although he lived in great re. 
tirement, he carried on an extensive epistolary correspondence with Newton, Halley, and 
all the mogt celebrated mathematicians of his time. - In private life he was most exem- 
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be racked so as to measure the angles by Hooke’s method, while at the 
same time, as in the case of the sextant, diagonals were to be drawn upon 
the limb. Sharp, who was at once an ingenious mathematician, an expert 
calculator, and a skilful mechanic, racked the edge of the limb, prepared 
the index, and fixed the are on the wall. Afterwards he divided .and en- 
graved the limb ‘so exquisitely,” says Flamsteed, ‘as to excite the ad- 
miration of every beholder.” The instrament was not completely ready 
for use till the month of October, 1689. Fourteen months were occupied 
in its erection, and the total cost to Flamsteed was no less than one hun- 
dred and twenty pounds, not one farthing of which was ever refunded to 
him by the Government. 

The mural are crected by Flamsteed on this occasion was made equal to 
140°, as in the case of the former instrument of the same description. 
Its radius was 79 inches in length. The limb was, in the first instance, 
divided to every 5’, and was then subdivided into smaller parts by 
means of diagonals. Tor this purpose the fiducial edge of the moveable 
index, included between the outer and inner ares of the instrument, was 
divided into five parts so as to indicate minutes *, and each minute was 
subdivided into six equal parts, cach equal to 10”, which again might be 
bisected by estimation 80 as to obtain a final subdivision to every 5”. 

Before commencing his observations with the mural arc, Flamsteed 
took the precaution of ascertaining whether the zero point of division had 
undergone any alteration with respect to the zenith, during the interval 
that had elapsed since it was marked upon the limb. This was effected by 
observing certain stars near the zenith, first with the instrument itself 
attached to the castern face of the meridian wall, and then observing 
the same stars with the telescopic index of the instrument transported to 
the western face of the wall. Half the difference of the zenith distances 
of each star determined in this manner, gave the corresponding error of 
collimation of the instrument, and the mean of all the results gave the 
mean crror of collimation, From observations of this kind, Flamsteed 
found that the zenith distarices of those stars which passed the meridian 
towards the north, wore all too great as determined by the instrument. 
The error on the [1th of September, 1689, amounted to 45”. In the 
course of his subsequent observations, he found that the error increased 
slowly in the same direction every year, a circumstance which he at- 
tributed to the gradual sinking of the southern extremity of the wall to 
which the instrument was attached. He did not fail, therefore, to deter- 
mine from time to time, by means of suitable observations, the amount of 
deviation arising from this cause. He remarked that the stars in the feet 
of the constellation Gemini afforded peculiar advantages for this purpose; 
for being situate ncar the solstitial colnre, they were liable to change very 
slowly from the retrograde motion of the equinoctial points, and, being at - 


plary. He died on the 18th of July, 1742, in the ninety-first year of his age. The 
delicacy of Sharp's hand for manipulative operations was exquisite. He is generally 
admitted to be the first person who cut divi-ions on astronomical instruments with any 
pretension fo accuracy, He is also the frst of those remarkable men by the aid of whose 
mechanical talents the Astronomers of the Royal Observatory of Greenwich were enabled 
to execute the series of observations which have won for that establishment its unrivalled 
reputation. 

* The intervals in this case, being the results of a strict mathematical process, were not 
exactly equal, but the difference between two consecutive divisions could searcely be con- 
sidered sensible, 
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the same time not far removed from the ecliptic, they were subject to onl 
a very small error in the same direction from the parallax of the earth's 
orbit *, 

Flamsteed’s next object was to ascertain the errors produced by the in- 
strument on the right ascensions of the stars. He remarked that such 
errors might arise either from the plane of the instrument not being 
exactly in the meridian, or from the object-gluss of the telescope not being 
properly adjusted in its cell. He proposed to determine by one process 
the combined effect due to these two causes. This object he accomplished 
for all altitudes included between the equator andthe northern tropie, by 
comparing the times of the sun's Passage over the meridian, as deduced 
from observations of equal altitudes on each side of that circle, with the 
corresponding times obtained directly by the aid of the instrument. In this 
manner he found that at 10° of zenith distance, the transit of a celestial 
body, when observed with the instrument, took place 33 seconds earlier than 
the true time. The errors for the parts of the arc, comprised between 
the tropic and the north pole, and between the equator and the southern 
horizon, were found by comparing the differences of the right ascensions 
of several bright Stars, derived from observations of their intermutual 
distances with the sextant, with the corresponding results deduced from 
observations with the instrument itself, Having thus ascertained the errors 
of the plane of the instrument at various zenith distances throughout the 
whole extent of the arc, Flamsteed arranged tho results in a table, which 
he continued to use from the year 1690, in determining by observation 
the right ascensions of the stars }. 

Flamsteed commenced his course of regular observations with the 
mural are on the 11th of Septewler, 1689. “But before he could deduce 
any useful results from them, it was nocessary for him to determine the 
latitude of his observatory with Greater accuracy than he had hitherto 
done. From observations of the least and greatest altitudes of cireum- 
polar stars, he final ly concluded its true value to be 51°28’ 84”, He next 
proceeded to devive from his observations, the obliquity of the ecliptic, 
and the other fundamental points of astronomical science, His labours 
on this occasion are distinguished by considerable originality and address, 
Lhe most important part of them is that which relates to the determina- 
tion of the absolute right ascension of a celestial object. It has been 
already mentioned that he succeeded in determining the place of the sun 
with respect to the solstice, by observing that body at equal altitudes near 
the equinoxes, and halving the intermediate are. The magnitude of this are, 
however, could only be ascertained by computation, and consequently the 
accuracy of the result depended in a gveat degree upon the solar tables. 
Flamsteed eluded this Source of error by a process which enabled him to 
determine not mere ly the place of the sun with Tespect to the equinox, 
but also the places of the stars relative to the same point. Tor this purpose 
the interval between the times of the sun's passage over the meridian and 
that of a bright star near the equator, was noted by the aid of the pen- 
dulum clock, on the occasions when the sun attained the same meridional 
altitude near the two equinoxes. Now since the sun has becu continually 








* Historia Calestis, vol. iii., p. 112, 

t Hist. Cal., vol. iii., P- 133. This table does not appear in the Histor‘a Celestis, 
but Mr. Baily found it among the manuscripts of Flamsteed, and has inserted it in his ing 
teresting collection of memorials respecting the astronomer.—(See Life of Flam. 
steed, p. 374.) 2 
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travelling in his orbit, during the period included between the two observa+ 
tions, while on the other hand the position of the star is invariable, it is 
manifest that the excess of the second of these intervals over the first, 
when converted into space by supposing every 15° equivalent to an hour, 
will indicate the are of right ascension described by the sun during the 
intermediate period. The half of this are then gives the distance of the 
sun from the solstice at either observation, and since the difference of the 
right ascensions of the sun and star is known by the clock, the distance 
of the star from the solstice is also at once ascertained. 

It is obvious that the practice of observing a star in connexion with 
the sun according to the above method, is attended with a twofold advan- 
tage. In the first place it serves to determine the right ascension of the 
sun independently of the solar tables, by affording an accurate measure- 
ment of the are described by that body, during the interval of time that 
elapses between the two observations. Secondly, it leads at the same time 
to a knowledge of the absolute right ascension of the star. According to 
every method hitherto practised by astronomers, the ascertainment of the 
absolute right ascension of the sun was effected by noting the time of his 
passing through the equinox, and calculating his subsequent motion by 
the aid of the solar tables. The places of the stars with respect to the 
equinox were then determined by measuring the distance between the sun 
and a bright star, employing for this purpose the moon or Venus, as the 
intermediate object of observation. The method of Flamsteed had the 
advantage of assigning an easy and direct process by means of which the 
right ascensions of the sun and star might be simultaneously determined. 
Moreover, since the altitude of the sun is supposed, according to this 
method, to be the same at each of the two extreme observations, the final 
results are not affected by any uncertainty in the values of parallax or re- 
fraction. They are also, independent of a knowledge of the latitude of 
the place of observation, an element which entered essentially into all 
the ancient methods for determining the placo of a celestial body with 
respect to the equinox. 

The absolute right ascension of any one star being accurately deter- 
mined, the right ascensions of all the others may be readily found by a 
comparison with the fundamental star. In the year 1690 Flamsteed 
determined the absolute right ascensions of no less than forty stars by 
comparing them directly with the sun in the mode above described, and 
employed the results in establishing a series of points of reference to aid 
him in his future observations. By his labours on this oceasion his name 
has become imperishably associated with one of the fundamental methods 
of astronomical science. 

Having established the clements of the sular theory and other points 
of primary importance, Flamsteed was now enabled to derive from his 
observations the absolute positions of the celestial bodies. He therefore 
proceeded to compute the observed positions of the moon and planets, 
With the view of making the results subservient to the rectification of the 
theory of their movements. He also commenced the formation of a cata- 
logue of the fixed stars upon a more extensive scale than any which had 
been hitherto executed. Jt must be acknowledged thatin the prosecution 
of these arduous labours, he received very little assistance from the Go- 
yernment. They had not hitherto furnished the observatory with a single 
instrument, nor did they allow him even the smallest sum for the ocea- 
sional repair of such instruments as he was actually using. When he 
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commenced his observations, they assigned to him “a surly labourer ” to 
manage the sextant, but they seemed to imagine that the salary of a hun- 
dred pounds a year which he received was amply sufficient to ensure his 
own performance of all the other duties connected with the observatory *. 
To execute such a task, however, was manifestly impossible. Under 
these circumstances he was compelled to procure an assistant, by paying 
him a small salary out of his own pocket. To meet the expenses which 
the illiberal treatment of the Government thus entailed upon him, he was 
for some time reduced to the necessity of adding the profession of teacher 
to his usual avocation. Well might ho remark that he earned the salary 
doled out to him by labour harder than thrashing}. The difficulties of 
his situation were farther aggravated by the possession of a feeble frame 
of body, and the periodical attacks of & painful malady to which he wag 
constitutionally subject, 

The illustrious Newton was the first person who availed himself of the 
observations made at the Royal establishment of Greenwich. In the 
years 1694-5 he obtained from Flamsteed a considerable number of ob- 
served places of the moon, which proved very serviceable in guiding him 
to a knowledge of some of the more hidden inequalities in the motion’ of 
that body, and thereby affording a seasonable confirmation of the theory of 
universal gravitation f. 

Notwithstanding the numerous disadvantages against which he had to 
struggle, Flamsteed continued with unremitting assiduity to labour in the 
discharge of his duties, and he confidently looked forward to the prospect 
of being one day enabled to present the results of his observations to the 
world in a satisfactory form, although he clearly saw that, if left wholly to 
his own resources, it would be impossible for him to obtain a speedy 
realisation of his wishes in this respect. Unlike many astronomers, he 
did not content himself with merely accumulating a mass of observations, 
leaving to others the task of reducing them toa form which might render 
them available for any useful purpose. Much of his time was occupied 
with the formation of ‘his great catalogue of the stars, and with calculating 
from his observations, the places of the moon and planets ; and it was his 
desire not to commence the publication of the observations until both these 
objects were fully accomplished, so as at the same time to be enabled to 
place within the reach of the public not merely the observations them- 
selves, but also the results directly deducible from them §. 


* The paltry salary which he received was subject to a tax of £10, so that in reality it 
did not amount to more than £90 a year. Even this pittance, however, seemed to the 
Goverament to be more than an adequate remuneration for his labours, for at one time in 
the early part of his career they annexed to his duties the task of instructing in nautical 
astronomy two boys of Christ Church Hospital, 

+ Baily’s Life of Flamsteed, p. 117. 

+ For the correspondence which took place between Newton and Flamsteed on this 
oceasion, see Baily’s Life of Flamsteed, pp. 133-160. 

§ That Flamstced seriously contemplated the publication of his observations at some 
future period, even although ‘he should obtain no assistance from any quarter, is evident 
from the following Passage of a letter dated October 26, 1700, addressed by him to Dr. 
Smith of Oxford :—« Briefly, sir, 1 am teady to put the observations into the press, as 
soon as they that are conceried shall aiford me assistants to copy them and finish the eal- 
culations. “But if none be afforded, both they and I must sit down conteuted, HH I can 
finish them with such bands as Thase; whea I doubt not but to publish them, as they 
ought to be, handsomely and in good order, and to satisfy the world, whiist I have been 
barbarously tradueed by base and silly people, that 1 have spent my time much better 
than TF ehould hes 1. ce al te tt ee 
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While Flamsteed was thus strenuously endeavouring, by his own un- 
aided efforts, to give a definite shape to his labours, several of his scientific 
contemporaries began to express a feeling of impatience that the publica- 
tion of the observations made at the Royal Observatory of Greenwich 
should be so long delayed. He was induced by this circumstance to draw 
up an estimate of the extent of the work which he was preparing for the 
press, and of the plan according to which he was desirous that it should 
be published*. This estimate was read at a mecting of the Royal 
Society held on the 15th of November, 1704, and received the unanimous 
commendation of the members. Prince George of Denmark, the Queen’s 
consort, who was shortly afterwards elected a member of the Society, 
having been informed of the labours of Flamsteed as announced in this 
exposition, generously undertook to defray the expense of their publica- 
tion, and, with a view to this object, a committee, consisting of Newton, 
Wren, and two or three other individuals, was appointed to inspect the 
manuscripts. The committee recommended that all the observations 
should be published, and Llamstecd was instructed forthwith to prepare 
them for the press. lamsteed complied with the demands of the com- 
mittee, surrendering into their hands a copy of his observations, and also 
a catalogue of the tixed stars which he had deduced from them. As the 
catalogue was not complete, he merely deposited it with the committee, as 
a guarantee for his furnishing them on a future occasion with a more 
perfect copy, expressly stipulating that in the meantime no steps would be 
taken towards its publication. In the month of May, 1706, the printing 
of the observations was commenced, but it proceeded very slowly, and was 
at length interrupted entirely for some time by the death of Prince George 
of Denmark in 1708. 

On the 12th of December, 1710, the Queen issued a warrant appoint- 
ing the President of the Royal Society, and such other members of the 
Council of the said Society us he should think fit, to be Visitors of the 
Royal Observatory of Greenwich. ‘They were authorized to demand of 
the Astronomer Royal to deliver up to them within six months after the 
close of each successive year, a true and fair copy of his annual observa- 
tions, They had also full powers to direct him to make such observations 
as they should deem desirable, and to inspect the instruments from 
time to thme, so that they might be constantly maintained in a proper 
conlition. 

The origin of the Board of Visitors is clearly traceable to the unfortu- 
nate misunderstanding that prevailed between Flamsteed, on the one 
hand, and his scientific countrymen generally, on the other. Tt has con- 
tinued to exercise its functions to the present day, but at the accession of 
William TV. a new warrant was issued, according to which its constitution 
underwent a slight modification |. The salutary influence of such a board 











* Tt appears from Flamstecd’s journal, that he had been only a few years occupied with 
his duties at Greenwich when persons began to importune him about publishing his ob- 
servations. “Some people,” says he, “to make me uneasy, others out of a sincere 
desire to sce the happy progress of my studies, not understanding amid what hard circum- 
stances I lived, calied hard upon me to print my observations.” —(Baily’s Life of Flam- 
steed, p. 54) 

+ By virtue of the new warrant, the President of the Royal Society for the time being, 
and five other Fellows of that Society nominated by him, together with the President of” 
the Royal Astronomical Society for the time being, aud five other Fellows of that Society 
nominated by him, and the Sayilian Professor of Astronomy at Oxford, and the Plumian 
Pro x of Astronomy at Cambridge, are appointed to be Visitors of the Royal Obser- 











+ 
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of inspection is indisputable, for while on the one hand it serves to pre- 
vent the application of the resources of the observatory to any unwarrant- 
able purposes, on the other hand it has the effect. of periodically relieving 
the conscientious astronomer from the responsibility attached to the 
discharge of his onerous duties, and thereby operates as an encouragement, 
to future exertion. It is gratifying to reflect that during the last hundred 
Years, at least, it is only in the latter respect, that the advantages result- 
ing from the establishment of the Board of Visitors, have been apparent. 

In the spring of 1711 the printing of Flamsteed’s observations was 
resumed by order of the Queen, and in the following year they were pub- 
lished in one large folio volume. The preface, which was written by Hal- 
ley, contained some Very ungenerous reflections on Flamsteed. Moreover, 
the form in which the results of his labours were presented to the world 
on this occasion was far from being in accordance with his own views. 
With respect to the stars observed with the mural are, the places only of 
those were inserted in the work, which passed the meridian about the 
same times, and nearly on the same parallels, with the moon and planets, 
The catalogue of stars was also no other than the avowedly imperfect one 
which Flamsteed originally deposited with the committee appointed to 
superintend the printing of the observations in 1704, upon the express 
condition that it Should not be published, but merely that it be retained ag 
a pledge for his subsequent delivery into their hands of a more complete copy. 
Tt would appear that the parties charged by the Queen with the publication 
of the observations, grew Impatient at what they conceived to be Flamsteed’s 
tardiness in fulfilling his promise, and adopted the resolution of printing the 
catalogue in their possession, without his coneurrence, or even his know- 
ledge. This was manifestly an act deserving of severe reprobation. It may 
be urged, indeed, as an excuse for such an extreme proceeding, that the 
observations were public property, and that a due regard for the objects 


* contemplated in the establishment of the observatory, suggested the 


expediency of publishing them within a reasonable period of time; and, 
perhaps, according to the strict letter of the law, the act was justifiable 
upon that ground. But, on the other hand, a more generous allowance 
ought to have been made for the difficulties of Flamstced’s position, 
arising mainly from the circumstance of the Government having failed to 
afford him such support én the prosecution of his arduous labours as he 
had a right to expect in virtue of the office for which he was held respon- 
sible. At all events, it looks like a wanton display of harshness on the 
part of the committee in whose hands the manuscripts of Flamsteed were 
deposited, to have resorted to their publication without beforehand giviiig 
him due notice of their intention *, 

Justly indignant that the results of his long and toilsome labours 
should be presented to the world under circumstances so injurious to his 
personal character, and in a form so little calenlated to advance his repu~ 
tation as an astronomer, Flamsteed resolved. to publish a complete 
edition of his observations at his own expense}. He accordingly pro- 


* It is right to state that this charge rests solely upon the authority of Flamsteed. In 
all probability the parties misunderstood each other, The whole affair, as disclosed by 
Mr, Baily’s work, is of a very unpleasant nature, 

t There were 400 copies’ printed of Halley's edition of 1712, In 1715 Flamsteed 
succeeded in procuring from the Government all the copies that remained in their pos~ 
session, amounting to 300, and immediately committed them to the flames, with the ex- 
ception of the sheets on which his observations with the sextant were printed, 
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ceeded to carry his design into effect, with all the energy which the con- 
sciousness of a just cause, and a laudable desire to set himself right in 
the eyes of posterity, were capable of inspiring. His constitution, how- 
ever, already shattered by the incessant inroads of ill health, and now 
sinking under the frailties of old age, was inadequate to the complete 
execution of a task of such magnitude. It was contemplated by him to 
publish the results of his Jabours in three volumes; but he had barely 
succeeded in completing the second volume when he died, on the 31st of 
December, 1719. The preparation of the third volume for the press, was 
effected by the voluntary exertions of Crosthwait, his assistant at the time 
of his death, and the famous Abraham Sharp, who had also at one time 
served him in the same capacity, and had ever since continued his devoted 
friend*. The whole work was finally published in the year 1725, in 
three volumes foo, under the title of “ Historia Cxlestis Britannica,” 
The first-volume contains extracts from the observations of Gascoigne and 
Crabtree from 1638 to 1643, also Flamsteed's own observations at Derby 
down to 1675, and his subsequent observations at Greenwich with the 
sextant from 1675 to 1689. It comprehends, moreover, various subsidiary 
tables to be used in calculation, and also the places of the moon and pla- 
nets deduced from the observations. The second volume contains the 
observations made with the mural arc from 1689 to 1719'}. At the end of 
this volume, also, there is a collection of useful tables, and a list of the 
places of the moon and planets computed from the observations. The 
last-mentioned results, as well as the corresponding results in the first 
volume, exhibit not only the right ascensions and polar distances of the 
several bodies, but also their Jongitudes and latitudes. ‘The third volume 
commences with the Prolegomena, in which Flamsteed takes a rapid 
survey of the progress of astronomy, concluding with a description of his 
own instruments and methods of observation. There are next inserted 
copies of all the catalogues of the fixed stars that had been executed by 
astronomers previous to the time of Flamsteed. These are succeeded by 
Flamsteed’s own catalogue, which exhibits the right ascensions and polar 
distances, as well as the longitudes and latitudes of 2935 stars, reduced 
to the beginning of the year 1689, together with the annual variations in 
right ascension and polar distance, arising from the regression of the 
equinoetial points. At the end of the volume tere are various subsidiary 
tables designed for abbreviating the labours of calculation. : 


e* Sharp resided at this time in Yorkshire. He also assisted Crosthwait in the preparation 
of the maps of Flamsteed’s Atlas, which was published in 1730. The following passage of 
a letter from Crosthwait to Sharp, dated January 27, 1721-22, reflects so much credit upon 
all the parties alluded to, that it cannot fail to prove acceptable to the reader: —“I am much 
concerned to find, by yours of the 2nd instant, that you had entertained the least suspi- 
cion of being forgotten or slighted by me, though there had been nothing more for you 
todo. I can assure you, with the greatest sincerity, that I shail for ever (though Tam 
sure I shall have no share in the profits) retain a grateful remembrance of the generous 
and kind assistance you have given towards completing Mr. Flamsteed's works, and shall 
be ready at all times hereafter, so long as Hfe endures, when in my power, to retirn you 
gratitude ; and the memory of the ingenuous and disinterested Mr. Sharp will always, 
by me, be bad in the greatest esteem, next to that of my deceased and good friend 
Mr, Flamsteed.” (Baily's Life of Flamsteed, p. 346.) Mrs. Flamsteed dea ta 1730, 


without leaving a single farthing either to Crosthwait or Sharp, notwithstanding their dis- - 


interested exertions in her behalf during a period of fen years! 
‘+ At the top of each page of observations in this volume the error of collimation of 
the instrument is inserted, 
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trious contemporaries with whom he may be compared, although at the 
same time they are no less substantial. He does not generally exhibit 
the enlightened discernment which Picard displays in his researches, nor 
was he endowed with the fertility of invention by which Roemer was so 
eminently distinguished ; but in carrying out views of practical utility, 
with a scrupulous attention to accuracy in the most minute details, in 
fortitude of resolution under adverse circumstances, and persevering adhe- 
Yence to continuity and regularity of observation throughout along career, 
he has few rivals in any age or country. Without the possession of these 
invaluable qualities, the most splendid genius may fail to exercise any 
durable influence : by means of them Flamsteed was enabled to establish 
the fundamental points of practical astronomy upon a new basis, and to rear 
® superstructure which, for many years afterwards, served as a landmark of 
vast importance to astronomers. “In 80 far as the accuracy of his observa 
tions is concemed, his labours must be considered with ‘reference to the 
times in which he lived, and the difficulties which he had to encounter, 
When judged according to this equitable standard, they will not suffer from 
the scrutinies of the candid enquirer. It forms a noble attestation to the 
‘merits of Flamsteed in this respect, that his observations are the earliest 
from which the Phenomenon of aberration clearly and unequivocally 
emerges, its maximum value being assigned by them with a degree of pre- 
cision almost equal to that deducible from the most trustworthy observa- 
tions of the present day. As first Astronomer of the Royal Observatory 
of Greenwich, he set an oxample to his successors the beneficial influence 
of which cannot for a moment be doubted ; nor, while that noble esta- 
blishment continues to maintain its proud pre-eminence among the insti- 
tutions devoted to practical astronomy, will the labours of its original 
Director, prosecuted with such unwearied perseverance throughout a long 
career, despite the depressing influence of constitutional ill health, and 
the unrelenting hostility of a powerful faction, cease to be held in Yespect- 
ful remembrance by his Gountrymen, 

Flamsteed was succeeded at the Royal Observatory by the celebrated 
Edmund Halley. This great astronomer was born at London, on: the 
29th of October, 1656, and had already distinguished himself by a bril- 
liant career of research on various subjects of physical science. It seems 
somewhat surprising, when we consider that he was now in the 64th 
year of his age, that he should have undertaken the discharge of duties 
of so onerous a nature as those attached to the situation of Astronomer 
Royal. Unlike his predecessor, however, he had the good fortune to 
possess a robust constitution, and, in reliance upon itg vigour, he was 
desirous of prosecuting a series of observations of the moon, in regard to 
which he had a special object in view, as will be presently rhentioned. 

It has been already mentioned that the instruments used by Flamsteed 


* See page 340 of this work, where the value of aberration deduced by M. Peters 
from Flamsteed's observations is given. The same astronomer makes the latitude of 
Greenwich, according to Flamsteed’s observations, to be 31° 28' 41.9+0" (Re-~ 
eherches sur la Purallaxe des Etoiles Fizes, p. 11.) Mr. Airy, from recent observations, has 
determined the true value of the latitude to be 51° 29 38”.2.—( Greenwich Observations 
1842, p. xliv.) P 
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were all his own, the Government not having even defrayed the expense 
of occasionally repairing them. We need not wonder, therefore, that 
when Halley entered the observatory he found it completely stripped of 
everything available for the prosecution of celestial observations. ‘The 
mural are, the clocks, the telescopes, and, in short, every instrument ia 
the observatory, had been carried away by Flamsteed’s executors imme- 
diately after his death. In consequence of this circumstance, some time 
elapsed before Halley was enabled to enter upon a regalar course of 
observation. In 1721 he procured a transit instrument, with which he 
commenced observations of the passages of the celestial bodies over the 
meridian. ‘Lhis instrument was five feet six inches long, and is stated by 
Lalande to have been constructed by Hooke. Halley's first observation 
with it is dated October 1, 172t. In 1726, a mural quadrant, for the 
observation of zenith distances as well as dillerences of right ascension, 
was at length erected. ‘This instrument was constructed by the cele- 
brated artist Graham It was made of iron, and had a radius of eight 
feet. The limb was composed uf two arcs, upon each of which a different 
mode of division was executed. The iimer are was divided to every 8’, 
according to the ordinary sexagesimal scale, and was afterwards sub- 
divided, by means of a yernier, to every 80”, which again might be sub- 
divided, by estimation, to one-fourth of this quantity, or 7)”. The outer 





‘are was divided, first, into ninety-six parts, and then each of these into 


sixteen smaller parts, each of which again was subdivided, by means of a 
vernier, to every 18”, and each of these purts might finally be subdivided, 
by estimation, to 5” or 6”. In making observations with the instrument, both 
modes of reading off were employed, so that the one nfight serve as a check 
upon the other; but in cases of discordance, greater reliance was usually 
placed on the indications of the outer are. Halley commenced his obser- 
vations with this instrument on the 20th of October, 1725. Hencefor- 
ward he continued to obserye not only the transits of the celestial bodies 
over the meridian, but also their zenith distances, It dogs not appear, 
however, that he adopted such an extensive plan of observation ag that 
pursued by his predecessor, Flamsteed. His main object was to procure 
materials for the improvement of the lunar and pfanetary tables; and, for 
this purpose, he deemed that it would be unnecessary to observe any other 
stars than those that were situate within the limits of the zodiac. His 
labours were more especially directed to the observation of the moon. 
He was stimulated to this object by the large reward which the Govern- 
ment had offered relative to the Jongitude, being convinced that the 
method of lunar distances was better adapted than any other to the 
solution of that important problem. This subject seems to have so far 
engrossed his attention as to have caused him in some degree to neglect 
the ordinary duties of his office. It has been already mentioned that the 


* George Graham was born at Gratwick, in Cumberland, in the year 1675. He was 
not only the most skilful artist of his time, but was also distinguished by a profound 
acquaintance with various subjects of natural philosophy. Besides the mural quadrant 
alluded to in the text, he constructed the famous zenith sector with which Bradley dis- 
covered the phenomena of aberration and nutation. It was also with a zenith sector 


~ executed by the same artist that the French academicians, who measured the length of an 


are of the meridian in Lapland, determined the latitudes of their stations, Graham con- 
tributed various papers to the Philosophical Transactions of the Royal Society, of which 
he was a member. ne of these related to the mercurial compensation pendulum, the 
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annual observationg he had made.” Ata meeting of the Royal Society, 
held on the 2nd of March, 1727, Sir Isaac Newton, who was then Pre- 
sident, took occasion to remark that this regulation had not been recently 
observed; and stated at the same time, that, as the continued neglect of 
it might be attended with detriment to the public interest, he thought it 
Proper to remind the Astronomer loyal of the, circumstance of such a 
regulation being in force. Halley, who was present, replied to Newton 
by asserting that he had already executed a sreat number of observations, 
especially of the moon: but that on account of the utility of such observa. 
tions towards ascertaining the longitude, for which a large reward had 
been offered by the Government, he had hitherto kept them in his own 
custody, that he might have time to finish the theory he designed to build 
upon them, before others might take the advantage of reaping the benefit 
of his labours *, 

Halley died on the 14th of January, 1742, in the 86th year of his age, 
It appears that for some time previous, he had ceased to attend to the 
duties of the observatory, a circumstance which is nét to be wondered at 
when his extreme old age is taken into consideration, His last observa- 
tion is dated December 31, 1789. The only part of the observations 
made by him at Greenwich that has ever been published, is 2 collection 
of observed places of the moon, which are to be found at the end of hig 
Astronomical Tables, which were published in 1749}, These tables were 
printed off in 1719, with a view to their immediate publication; but their 
author being in the meantime Appointed Astronomer Royal, they were 
retained by him for his own exclusive advantage, since there was now an 
increased probability of his bringing the Innar theory to such a state of 
perfection as would lead to a practical solution of the problem of the 
longitude. With a view to this object, he had no sooner entered upon 
his duties at Greenwich, than ho commenced instituting a comparison 
between the places of the moon deduced from his observations, and the 
corresponding places calculated from the tables. These results were 
printed off at successive intervals during Halley’s lifetime, and the whole 
Collection was finally published along with his Astronomical Tables, as hag 
been already mentioned. It exhibits a comparison between the observed 
and calculated places of the moon, extending from 1722 to 1739. The 
error of the tables in longitude is frequently less than 1’, but in some 
instances it rises to 5’ or 6’ In general, it may be said to range between 
and 4’. It does not appear that Halley employed these residual errorg 
in any researches for the purpose of obtaining ‘an improvement of hig 
tables of 1719, - 

The original records of Halley's observations are deposited at Green- 
wich in four small quarto volumes. Upon the recommendation of Mr, 
Baily, a manuscript copy of them was taken by the order of the Lords 
of the Admiralty, aud presented to the Astronomical Societ; > in the year 


r 
* Mem. Ast. Soc., vol. viii., p. 188, cited by Mr, Baily, from the Minute Book of 
the Reyal Society. 
+t In the preface to these tables it is stated that they were mainly constructed by 
Halley, upon the observations of Flamsteed, 


480 HISTORY OF PHYSICAL ASTRONOMY. 


1832. Mr. Baily has concluded, from a careful inspection of these ob- 
servations, that they do not possess syfficient value to render it desirable 
that they should be printed*, Maskelyne had already intimated to 
Delambre, that they were hardly preferable to those of Flamsteed t. 
Halley, indeed, was endowed with a mind of vast compass as well as extra- 
ordinary: sagacity and power; but he seems to have undervalued those 
habits of minute attention which are indispensable to the attainment of a 
high degree of excellence in the practice of astronomical observation {. 

The absence of any definite plan of operations in connexion with the 
Royal Observatory of Paris has been already alluded to. The evils 
arising from this cause did not fail soon to present themselves. The 
astronomers engaged in prosecuting observations at that establishment, 
were frequently compelled to discontinue their labours, at the instance of 
the Government, for the purpose of executing scientific operations in the 
provinces of France. This circumstance occasioned numerous interrup- 
tions in the records of the observations, which manifestly tended in a 
great degree to depreciate their value. Moreover there was an incom- 
pleteness generally apparent in the observations actually made, arising 
from the want of a presiding powcr to direct the labours of the establish- 
ment. These defects in the constitution of the observatory are described 
in the following graphic terms, by Cassini IV.:—* Ghacun venait observer 
dans les cabinets comme il Ventendait, quand et selon que cela lui plaisait, 
les astronomes novices pour s'exerger, les académiciens pour leur propre 
compte. Il n'y avait ni plan géné®W suivi, ni chef pour diriger ; de la, ni 
accord, ni ensemble, ni suite dans les travaux.” § : 

But although the Royal Observatory of Paris failed to attain such a 
degree of efficiency as was consistent with the flourishing condition of 
science in France, there was one important department of practical 
astronomy in which that country took the lead of all other nations. It 
was in France that the length of an are of the meridian was first 
measured, upon principles so unexceptionable, and with so scrupu- 
lous a regard to accuracy in all the details of the operation, as to com- 
mand the confidence of astronomers generally in the result, and to 
induce Newton to resume the ever memorable investigation which con- 
ducted him to his grand discovery of the principle of universal gravita- 
tion. It is to France also that astronomy owes the establishment of the 
ellipticity of the earth, one of the most conclusive facts that can be 
adduced in favour of the Newtonian theory. This object was effected by 
a comparison of geodesical measurements, executed not merely on the 
soil of France, but also in the arctic regions and under the equator. 
The operations connected with the establishment of these results ex- 
tended over nearly three-quarters of a century, and exereised the talents 
of the most eminent astfopomers of France who flourished during that 
period. ‘The name of Picard is imperishably associated with the origin of 

* See a paper by Mr. Baily on this subject in vol. viii. of the Memoirs of the Astro- 
nomical Society. > 

+ Histoire de l’Astronomie au Dixhuitiéme Siécle, p. 134. 2 
# $ It would appear, from the following expression, that Halley did not contemplate the 
possibility of determining the apparent position of a celestial body within even 10” of the * 


truth:—“ Ut verum fatear, minuta secunda vel etiam dena secunda, instrumentis quan- 
tumvis affubre factis certo distinguere vix homini datum est."—( Phil. Trans., 1716, 
p. 456.) 


§ Mémoires pour servir 4 Histoire des Sciences, ete., p. 191. 
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these operations which have reflected so much honour on France. Their 
close was illustrated by the exertions of Lacaille, one of the most distin- , 
guished astronomers of the eighteenth century *, 

In connexion with the Royal Observatory of Paris may be mentioned 
Louville’s application of the micrometer to divided instruments. This 
was effected by directing the instrument approximatively to the object, 
and then adjusting it, so that the plumb-line fell exactly upon the nearest 
point of division, ‘he moveable thread of the micrometer was then 
brought into exact coincidence with the object, and its distance from the 
fixed thread, as determined by the revolutions of the screw, gave tho 
fraction of an angle which was to be added to or subtracted from the 
altitude indicated by the point of division over which the plumb-line 
passed. Louville first described this mode of applying the micrometer 
in the “Memoirs of the Academy of Sciences” for 1714}. A sector, 
furnished with a micrometer of this kind, was shortly afterwards em- 
ployed by the astronomers engaged in verifying the are of the meridian 
that had been measured in France in the seventeenth century. It would 
Appear that a similar application of his instrument did not escape the 
attention of Gascoigne, the original inventor of the micrometer. Thus, 
Crabtree, writing to him in a letter dated December 6, 1641, expresses 
his astonishment that he should be enabled not only to project the 
diameter of Jupiter into prodigious measures, but also to take istances, 
altitudes, inclinations, and azimuths without the limb of an instrument, 
and each to any required number of parts }. 

The difficulty f making accurate observations from the deck of a 
vessel, arising from the unsteady position of the observer, was found to 
Operate as an insuperable obstacle to the success of any method for find- 
ing the longitude at sea. This difficulty was entirely removed by the 
invention of the reflecting quadrant. "The germ of this invaluable 
instrument is to be found in Sprat's “ History of the Royal Society.” 
Thus, in an account of the inventions of members of the Society, he 
alludes to “a new instrument for taking angles by reflection, by which 
means the oye at the same time sees the two objects, both as touching 
in the same point, though distant almost to a semicircle, which is of 
great use for making exact observations at sea."§ The author of this 
instrument was Hooke, in whose “ Posthumous Works” there is to be 
found a description of it||; but it does not seem that he attempted to 
follow out his ingenious idea by a further improvement of the instrument. 
Newton was the first person who devised the constraction of the re. 


* Picard commenced his operations for the measurement of an arc of the meridian in 
1669. The arc of the meridian in Lapland was measured by Maupertius and his com- 
panions in 1735-6. The ellipticity of the earth’s figure was finally established beyond 
all doubt by the verification of the French are of the meridian in 1741. The operations 
connected with the measurement of the arc in Peru were completed a few years after- 
wards. 

+ Mém. Acad. des Sciences, 1714, p. 73, *: 

+ Phil. Trans., 1717, p. 609. In 1669 Hooke determined the zenith distances of 
y Draconis, by the aid of a micrometrical contrivance similar to that of Louville’s, inas- 
much as the intersection of cross wires of the telescope was not brought into exact coin- 
cidence with the star; but in this case the deviations of the star from the optical axis of 
the telescope were measured by means of a graduated scale. 

§ History of the Royal Society, p. 246, dio. Lond.. 1667. 
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flecting quadrant, resembling the sextant of the present day. He com- 
municated an account of it to Halley, who, however, omitted to impart 
a knowledge of it td the world; but soon after his death, in 1742, a 
description of the instrument in Newton's handwriting was found among 
his papers*. In the meantime the instrument had been re-invented by 
two individuals, independently of each other. 'The reflecting quadrant 
of Hadley was first described at a meeting of the Royal Society, held on 
the 13th of May, 17314. It was subsequently found that his invention 
of the instrument could be traced back at least as early as the summer 
of 17380. The other inventor was Thomas Godfrey, of Philadelphia, in 
America. He appears to have devised an instrument similar to Hadley's 
towards the close of the year 1730. Tho Royal Society, which took into 
consideration the claims of the two individuals, decided that both were 
independent inventors. 

The idea of enlarging Hadley’s reflecting quadrant, or rather octant, 
80 as to measure a distance of 120°, was first proposed in 1757, by Cap- 
tain Campbell, who suggested to the Board of Longitude, that a sextant 
of large radius, divided by Bird, would serve for making observations at 
sea, equally well with the reflecting circle as described by Mayer}. The 
sextant is the form in which the reflecting instrument has ‘since been 
generally used, for nautical purposes. 

Accurate celestial observations being now practicable on board a ship 
by the use of the sextant, it only remained to construct trustworthy lunar 
tables, in order to perfect the method of finding the longitude at sea, by 
means of a comparison betweon the observed and confputed distances of 
the moon from the neighbouring stars. Many years were not allowed to 
elapse ere this important object was accomplished, as we shall presently 
have occasion to mention. 

James Bradley, the third Astronomer Royal of Greenwich, was born at 
Sherbourn, in Gloucestershire, in the year 1692. In 1711 he entered 
Baliol College, Oxford, where he, completed his education, Having 
qualified himself for the church, he was presented to a living in the year 
1719. His predilection for astronomical pursuits, which evinced itself at 
an early age, was fostered by his uncle, the Rev. James Pound, with whom 
he resided for several years at Wanstead, in Essex. Jn 1721 he was 
appointed to the Savilian chair of astronomy in the University of Oxford, 
which had then become vacant by the death of Keill. His nomination by 
the Government, as successor to Halley in the Observatory of Greenwich, 
is dated February 2, 1742. His reputation as an astronomer was already 
well established in Lurope by observations of a miscellaneous nature, 
and more especially by his immortal discovery of the Aberration of Light, 
and at the time of his appointment he was actually engaged in those 
researches which resulted in his discovery of the Nutation of the Earth's 
axis, 


Bradley's first object after his removal to Greenwich was to repair the 


* A drawing and description of the instrument, both taken from Newton’s paper, are 
inserted in the Phil. Trans. for 1742, p. 155. 
+ Fora description of Hadley’s reflecting octant see Phil. Trans., 1781, p-147. An 


examination of the question relative to the invention of this instrument will be found in 
the Nautieg! Magazine, vol. i, p. 851. 


+ Bradley's “ Miscellaneous Correspondence.” p. 89, 
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instruments, and carefully to adjust their positions. Halley bad confined 
himself to the use of the mural quadtant soon after its erection in 1795 *. 
Bradley, however, resolved to employ both the quadrant and the transit 
instrament in his observations. ‘The former of these instruments was 
repaired by Graham, and the latter by Sisson, several important improve- 
ments being at the same time effected in their construction. Bradley's 
first observation with the quadrant was made on the 15th of June, 1742. 
His earliest transit observation is dated the 20th of July in the same 
year. 

The mode in which Graham's iron quadrant was divided has been 
already mentioned. Halley generally adopted the nearest reading of the 
vornier without regard to the fractional parts, but occasionally he marked 
the half of the interval between two divisions of the vernier. The error 
of his observations might, consequently, amount from this cause to 5” 
or 6”, Bradley pursued a similar plan of observation till July 18, 1745, 
when, having applied a new micrometer screw to his instrument, the 
threads of which were much finer than those of the old one, he employed 
it to measure the fractional parts of the angles. One revolution of the 
screw altered the angle upon the instrument 53”; and, consequently, the 
fifty-third part of a revolution was equivalent to 1”, By this application 
of the micrometer, Bradley was now enabled to make observations to 
seconds with as great acettracy as he had formerly done to divisions of 
the verniert. 

The iron quadrant of Graham continued to be attached to the eastern 
face of the wall erected for its support in 1725, and was employed both 
by Halley and Bradley in observing the celestial bodies which passed the 
méridian to the south of the zenith, Bradley, however, was desirous of 
extending the plan of bis observations, and with a view to this olject he 
presented a memorial to the Government in the year 1749, soliciting 
another quadrant, by means of which the stars that passed the meridian 
to the north of the zenith might be observed. The Government, with a 
promptitude hitherto unusual, at onco acceded to his views, and in the 
following year the observatory was furnished with a magnificent brass 
quadrant of cight feet radius constructed by Bird}, who now took the 
place of Graham, as the most skilful divider of instruments in his day. 
As in the case of the iron quadrant, there were two different modes of 
division executed upon the limb. By the inner are the quadrant was 





* This course was iroperatively prescribed by the necessities of his situation, for there 
was only one vertical wire in his transit, and he had no assistant by whose co-operation 
he might be enabled to make simultaneous observations with two instruments. As soon 
as Bradley was appointed Astronomer Royal he succeeded in procuring a regular assistant, 
who was paid by the Government. His first assistant was his nephew, John Bradley, 
who, according to Lalande, resided in that capacity at the Royal Observatory for a period 
of fifteen years. 

+ Rigaud’s Miscellaneous Works, &c., of Bradley, p. lv. 

+ John Bird was born in 1709; he was brought up a cloth-weaver in the county of 
Durham. It is said that his attention was first drawn to the dividing of instruments, by 
observing the imperfect graduation of a clock dial. Having acquired considerable 
expertness in his new vocation, he proceeded to London, where he was employed by 
Graham and other artists of the day. After residing in London for a few years, he com- 
menced business on his own account, and soon attained an unrivalled reputation as a 
divider of -mstruments, In 1767 he received £500 from the Government, on condition 
that he should divulge his method of graduation. This he did in a work which he pub- 
lished on the subject, (The Art of Dividing Instruments, London, 1767.) He died on 
the Slst of March, 1776. 
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divided to every 5’; then the intervals between two consecutive divisions 
were subdivided by the vernier to every 80”, and these were finally sub- 
divided by the micrometer. screw to every 1”. By the outer are the 
quadrant was divided into ninety-six parts; then these were subdivided 
by the vernier into sixteen smaller parts, each equal to 18”.1836; and 
these were finally subdivided by the micrometer screw to every 1”. The 
Government at the same time furnished the observatory with a new 
transit telescope by Bird, eight feet long, besides an excellent clock by 
Shelton, and several other instruments of minor importance. They also 
purchased of Bradley the famous zenith sector with which he discovered 
the phenomena of aberration and nutation, and appropriated it to the use 
of the observatory. This noble instrument was designed by Bradley to 
be henceforward employed in determining the errors of collimation of the 
quadrants, by making observations with it when its face was turned alter- 
nately east and west. 

Bradley being now in possession of instruments of unequalled perfec- 
tion, proceeded to execute a series of preliminary observations for the 
purpose of ascertaining with greater accuracy the latitude of his observa- 
tory, the place of the equinox, the quantity and laws of refraction, and 
other fundamental points of astronomy. In pursuance of this design the 
brass quadrant was turned towards the north, so as to be employed in 
making observations of circumpolar stars. ‘hese observations were pro~ 
secuted from August 10, 1750, to July $1, 1753. From them Bradley 
deduced tho latitude of the observatory to be 51° 28’ 383”. He also 
succeeded by means of them in constructing the elegant rule, so long 
used by astronomers, for finding the quantity of refraction corresponding 
to any assigned zenith distance, and any observed readings of the baro- 
meter and thermometer. He determined the absolute right ascensious 
of a few of the principal stars, by means of observations made near the 
equinoxes, according to the method of Flamsteed. 

As soon as Bradley had established these fundamental points he re- 
moved the brass quadrant from the western face of the meridian wall, 
and permanently attached it to the eastern face, where it was afterwards 
employed in observing the stars that passed the meridian to the south of 
the zenith. At the same time the iron quadrant was removed from the 
eastern face of the wall, and, after being re-divided by Bird, was attached 
to the western face, for the purpose of making observations with the 
telescope turned towards the north. Bxadley now commenced the series 
of admirable observations which have formed the groundwork of so much 
valuable research to future enquirers, and which would have assured to 
him an immortal reputation, even independently of those great discoveries 
with which his name ‘is inseparably associated. The sun, moon, and 
Principal stars, and the planets when situate in favourable positions, were 
regularly observed with the transit instrument and the mural quadrants. 
Moreover, a multitude of small stars, chiefly those of Flamsteed’s cata- 
logue, were included in the plan of observation. From the year 1750 
may be dated the commencement of a series of observations which in 
point of accuracy may bear a comparison with those of modern times. 
Henceforward the records of Greenwich Observatory embody a collection 
of materials, which have almost exclusively formed the groundwork of 
every investigation undertaken m modern times, for the purpose of im- 
proving the solar, lunar, or planetary tables. 
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duity to prosecute his labours at the Royal Observatory, until at length, 
in the autumn of 1761, he was compelled by the increasing frailties of 
old age, to retire from the duties of active life. ‘Our eye,” says his 
learned biographer, the late Professor Riggud, “looks into the Greenwich 
registers with feelings of interest for the traces of that hand which con- 
veyed so much instruction to mankind, and catches occasionally the sight 
of it till September 1, 1761, when the sun’s transit was the last observa- 
tion that Bradley ever entered, most probably that he ever made. His 
existence continued for a few months longer, but his scientific career was 
closed.”* In- fact, he shortly afterwards withdrew to Chalford, in Glou- 
cestershire, where he continued to reside among his wife's relations till 
his death, which took place on the 13th of July, 1762, haying attained 
the age of 70 yearst. 

The registers of Bradley's observations occupied thirteen folio volumes, 
and at his death were taken possession of by his executors. In 1767 the 
Government, under the impression of their being public property, com- 
menced a law-suit with a view to their recovery, which, however, they 
abandoned in 1776. As soon as it was ascertained that the Government 
had relinquished their claim, the manuscripts were transmitted to Lord 
North, who was then Chancellor of the University of Oxford, to be pre- 
sented by him to the University. They were finally printed, at the 
bid ari of the University, in two folio volumes. The first volume was 
published in 1798, under the superintendence of Dr. Hornsby. The 
second volume was prepared for the press by Dr. Robertson, and appeared. 
in 1805. These two volumes contain the observations made by Bradley 
from 1750 to 1762. The original manuscripts, as well as the registers of 
the observations made by Bradley, at Greenwich, previous to 1750, are 
deposited in the Bodleian Library, Oxford. 

The vast mass of observations made by Bradley, which were published 
in two volumes, as above mentioned, continued inapplicable to any useful 
purpose, in consequence of their not being reduced, until, at length, 
Bessel undertook to execute this task, ih so far as regarded the observa- 
tions of the stars. The results of his labours were published in 1818, 
at Kénigsberg, in one folio volume, entitled, “ Fundamenta Astronomia 
pro anno 1755, deducta ex Observationibus virt incomparabilis James 
Bradley, in specula Astronomica Grenovicenst per annos 1750-1762 
institutis.” In this work Bessel has determined, by a series of elaborate 
investigations, the quantity and laws of refraction, the maximum value of 
aberration, and @ther fundamental points of astronomy, as deducible from 
Bradley's observations. He estimates the error in declination of these 
obseryations tg be generdlllg less than 4”, and the error in right ascension 
less than 1” of time. 

- The observations made with the zenith sector at Kew and Wanstead, 
by the intercomparison of which Bradley was conducted to the discovery 
of aberration, were at one time supposed to be lost; but having been 
found among the papers of the late Dr. Hornsby, they were published by 
Professor Rigaud, in 1832, at the expense of the University, of which 


* Bradley's Miscellaneous Works (Memoirs, p. 100). 
+ In 1751 a pension was granted to Bradley by George II, not as an augmentation of 


salary, but as a gratuitous acknowledgment of his personal merit. 
t Rieaud considers that their number cannot be less than 60,000. 
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the immortal author of the discovery forms one of the brightest orna- 
ments*. 

While Bradley was prosecuting his admirable observations at Green- 
wich, the Continent was adorned by two astronomers who are justly 
entitled to be associated in the history of astronomy with their illustrious 
contemporary. It will be desirable, before proceeding further, to present 
the reader with a brief notice of their labours. 

Nicholas Louis de Lacaitle was born at Rumigny, near Rosoy, in 
France, on the 15th of March, 1713. He was destined by his parents 
for tho church, but his inclination towards astronomical studies effectually 
frustrated their design. In 1713 he proceeded to Paris, where he was 
kindly received by J. Cassini, who assigned to him a situation im the 
Royal Observatory. In 1738 he was employed, in conjunction with the 
younger Maraldi, in surveying the western provinces of France. In the 
two following years he took an active part in the operations connected 
with the verification of the French are of the meridian, and it is to hig 
energy and skill that the successful prosecution of that important un- 
dertaking is mainly to be ascribed. While engaged in these labours he 
was appointed Professor of Mathematics in the Mazarine College of Paris, 
whither ho retired at their conclusion. A small observatory having been 
fitted up for his use at the collego, he continued to labour there for 

“several years, dividing his time between his professional duties and astro- 
nomical pursuits. In 1750 he proceeded to the Cape of Good Hope, for 
the purpose of making observations in the southern hemisphere. During 
his residence there, he amassed materials for determining the parallaxes 
of the Moon, Venus, and Mars, and for investigating the laws of refrac- 
tion. He also measured an are of the meridian, and the length of the 
second’s pendulum, besides observing ten thousand stars in the southern 
hemisphere. Upon his return to Europe, in 1752,.he established himself 
in his former place of residence, where he proceeded to deduce a number 
of important results from his observations, In 1757 he published a 
fundamental catalogue of stars," forming one of the most valuable contri- 
butions made to astronomical science during the eighteenth century, In 
the following year he published his solar tables, the elements of which 
were determined with such precision as to leave little further to be de- 
sired. These are the earliest solar tables in which the effects of planetary 
perturbation are taken into account. He is also the author of a catalogue 
of about 500 zodiacal stars, which was published efter his death. 

The advantages which Lacaille enjoyed in the prosecution of his labours 
Were extremely moderate. He had no assistant to relieve him from a 
portion of the drudgery incidental to astronomical pursuits, nor were his 
instruments by any means so perfect as those of some of his contempo- 
varies. By his talents and perseverance, however, he succeeded in over- 
coming these difficulties; but, unfortunately, he fell a victim to incessant 
application, when he had only atiained an age at which the human consti- 
tution usually retains its full vigour. He died on the 2Ist of March, 
1762, in the 49th year of his age. 

When the admirable labours of Lacaille are taken into consideration, it 
is impossible to.repress a feeling of regret that he was not placed in a 


* «Miscellaneous Works and Correspondence of the Rey, James Bradley, D.D., 
F.R.S.,” 4to,, Oxford, 1832, 
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position wherein he might have been enabled to exercise his talents with 
still greater benefit to astronomical science. Upon this point his dis- 
tinguished countryman, M. Biot, very naturally makes the following 
remark :—‘ Quel éclat aurait jeté Vastronomis observatrice en France, 
quelle hauteur aurait-elle pu atteindre, dés ce temps-ld méme, si un tel 
homme avait succédé a Picard et 4 Roemer, dans un observatoire vraiment 
royale, créé avec Vintelligence de la science, disposé pour ses besoins, et 
pourvu des instruments propres a Vavancer!” * 

Tobias Mayer was born on the 17th of February, 1723, at Marbach, a 
town of Wurtemberg, in Germany. His father having died while he was 
yet young, he was thrown upon his own resources at an earlier age than 
usual, and was compelled to support himself by teaching mathematics, a 
knowledge of which he had acquired solely by the perusal of such books 
as he could occasionally procure. He was only twenty-two years old when 
he published a treatise on the theory of curve lines, About the same time 
he began to apply himself with great ardour to the prosecution of astrono- 
mical inquiries. In 1750 he communicated to the Cosmographical Society 
of Nuremberg, a paper on the libration of the moon, in which he deter- 
mined the elements of that curious phenomenon with greater precision 
than had been hitherto done by any astronomer. This paper is remarkable 
for containing the earliest example of the method of equations of condi- 
tion, the use of which has contributed so much to the improvement of 
modern astronomy. In 1751 he was appointed to the superintendence of 
tho Observatory of Gottingen, having been at the same time nominated to 
one of the chairs in the University of that city} The observatory had 
been recently furnished by George II. of England with magnificent 
mural quadrant of six feet radius, constructed by Bird. Mayer proceeded. 

- to submit his instrument to a most scrupulous examination, and in the 
oxccution of this task he displayed a combination of sagacity and address 
which would alone suffico to stamp him as an observer of the highest 
order, Efe now commenced a course of regular observation, with the 
view of procuring materials to serve as a groundwork for establishing the 
fundamental points of astronomy. In 1753 he published new solar and 
lunar tables. The latter will be for ever memorable, from being the first 
which afforded a practical solution of the problem of the longitude. The 
observations employed in their formation consisted chiefly of eclipses of 
the sun and occultations of the stars. They did not amount to more than 
200, and yet, with such skill were they discussed by Mayer, that his tables 
seldom erred so much as 13’. In 1755 he transmitted them-to England, 
where they were compared by Bradley with the Greenwich observations, 
and were deemed by that astronomer to be so accurate that, in so far as the 
calculated places of the moon were concerned, they might serve in finding 
the longitude at sca within half a degree of the truth, and generally much 
nearer}. In 1756 Mayer communicated a paper to the Royal Society of 
Gottingen, in which he explained the principle of an instrument, since 
well known to astronomers as the repeating circle. He continued to pro- 
secute his astronomical researches with unremitting assiduity, until at 
longth his constitution became impaired from incessant application, and 
he fell into a languishing illness, of which he expired on the 20th of 


* Journal des Savans, 1847, p. 524. r 

+ This was the chair of political economy. It does not appear that Mayer delivered 
any lectures upon that subject. 

Mayer's Solar and Lunar Tables, p. exii. 
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February, 1762%. An improved set of lunar tables, which he left 
behind him at his death, were transmitted to England by his widow, 
in consideration “of which she obtained from the British’ Government 
a grant of money amounting to £3000}. In 1770, his Theory of the 
Moon }, which served as the basis of his tables, was published at Lon- 
don. - It is substantially the same as Euler's, but the values of the co- 
efficients were determined by the aid of his own observations. In the 
same year there was published, also at London, his improved solar and 
lunar tables §. There is appended to them, a short dissertation entitled 
Methodus Longitudinum Promota, in which he recommends the method of 
lunar distances for finding the longitude at sea, and suggests for this 
purpose the use of a reflecting circle, with the repeating principle applied 
to it. This work also contains his formula for refraction, embodying the 
result, of his researches on that important subject ||. The two works 
above mentioned were published at the expense of this country, under the 
superintendence of the Board of Longitude, the task of editing them 
being executed by Dr. Maskelync. In 1775 the first volume of Mayer’s 
“ Posthumous Works” was published at Gottingeu, which, among other 
subjects, containcd a catalogue of 998 zodiacal stars. The remaining por- 
tion still exists in manuscript, with the exception of the observations from 
which the catalogue was formed, which were printed at London, in 1826. 

Mayer has earned for himself an imperishable reputation by his lunar 
tables. Some astronomers may have achieved results of greater brilliancy, 
but few have been privileged to contribute so directly by their labours to 
the well-being of their fellow-men. Even independently of the improve- 
ment which he effected in this instance, Mayer possesses claims to be 
yanked with the greatest astronomers of ancient or modern times 3 but, as 
in the case of either of his illustrious contemporaries, Bradley or 
Lacaille, his labours are not of a nature to be generally appreciated, 
and therefore his reputation is less widely diffused than that of many an 
individual whose contributions to science, though more showy, are infinitely 
less substantial. : 

Bradley was succeeded at the Royal Observatory of Greenwich by Dr. 
Bliss, Savilian Professor of Geometry in the University of Oxford. “'This 
astronomer adopted the same plan of observation as that pursued by his 
predecessor, but his death in 1765 prevented his labours from acquiring 
any degree of importance in the annals of the observatory, 

Neville Maskelyne, the fifth Astronomer Royal of Greenwich, was born 
in London in the year 1732. He completed his education at Trinity 
College, Cambridge, and subsequently qualified himself for entering the 
church. It is said that his attention was first drawn to the science of 


* It is somewhat singular that Bradley, Lacaille, and Mayer, the three greatest astrono- 
mers of the eighteenth century (supposing Halley to have been of the seventeenth), died 
within a few months of each other, 

+ A copy of the resolution of the Board of Longitude, recommending Parliament to 
grant Mayer’s widow the sum of £5000, will be found at page exxiii, of the Solar and 
Lunar Tables of that astronomer. It appears from Maskelyne’s preface to these Tables 
that the sum actually awarded by Parliament amounted to £3000. 

+ Theorie Lune juxta Systema Newtonianum, &c., 4to., Lond., 1767. Although the 
title-page of this work bears the date of 1767, it was only published in 1770, as appears 
from Maskelyne's preface to Mayer's Solar and Lunar Tables, published in the last-men- 
tioned year. 

§« ules Motuum Solis et Lunm, nove et corrects,” &e., 4to., Lond,, 1770. 

| See page 117 of the work referred to in the text 
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astronomy by the great solar eclipse of 1748. He contracted an early 
intimacy with Bradley, whom he assisted in the computations connected 
with his researches on refraction. At the recommendaffon of that astro- 
nomer, he groceeded to the island of St. Helena, to observe the transit 
of Venus, in 1761. He commenced his labours at the Observatory of 
Greenwich on the 7th of May, 1765. His instruments were the same as 
those used by Bradley and Bliss, but his plan of observation was more 
limited than that pursued by his predecessors. He confined his attention 
to the sun, moon, and planets, and a select number of stars. The errors 
of collimation of his quadrants were determined from time to time by 
observations of y Draconis, with the zenith sector having its face turned 
alternately east and west. During the intermediate intervals, the errors 
were deduced by means of the quadrants themselves, from observations of 
the stars in the feet of the constellation Gemini. We have seen that 
Flamstced employed observations of the same stars, for the purpose of 
determining the error of collimation of his mural arc. In order that he 
might be enabled to deduce from his observations the absolute right 
ascensions of the sun, moon, and planets, it was necessary to establish 
with great precision a definite number of reference points along the con- 
tour of the zodiac. With this view he selected thirty-six stars situate 
near the equator, cach of which was sufficiently bright to be observed in 
the daytime, even when not very far removed from the sun. In order to 
render the observations of theso stars available for ulterior purposes, it 
was necessary to ascertain their places with respect to the equinox. This 
was effected by comparing one of them, « Aguile, with each of the re- 
- maining thirty-five, and then comparing « Aquile directly with the sun. 

The mode of investigation pursued by Maskelyne on this occasion was 
founded mainly upou Flamstecd’s method for determining the absolute - 
right ascension of a star. He continued to observe these stars on every 
practicable occasion, and employed the results in the formation of a smail 
catalogue which, in point of accuracy, far exceeded anything of the kind 
hitherto executed. By comparing the observed transits of these standard 
stars with the corresponding results deduced from the catalogue, it was 
possible to ascertain the exact error of the clock, and hence to determine 
the right ascensions of the sun, moon, and planets. 

Maskelyne first introduced the practice of observing a star at the five 
vertical wires of the telescope. This mode of observation was pursued By 
him with undeviating regularity throughout his long career. He was also 
the first who noted the instant of transit in terms of the tenths of a 
second *, He continued to prosecute his labours without interruption, 
adhering constantly to the same plan of observation which he had 
traced out in the beginning of his career—till his death, which happened 
on the 9th of February, 1811, having occupied the situation of Astronomer 
Royal for a period of forty-six years. ‘ 

It is to Maskelyne that the original establishment of the “Nautical 
Almanac” is due. In 1763 he published a work, entitled “The British 


" In noting the passage of a star over the wires in the transit, Bradley in general took 
the nearest second, except when the interval was perceptible, in which case he marked the 
observation * or —, to indicate that the true time exceeded or fell short of the time recorded. 
In some cases the time of transit is estimated in terms of the half or third of a second, 
Maskelyne, in the beginning of his career, divided the second into eight parts. In Sep- 
tember, 1772, he first commenced the practice of recording the times of transit to tenths 
of asecond.—( Miscellaneous Works of Bradley, p. liv.) 
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Mariner's Guide,” in which he pointed out the advantage, for finding the 
longitude at sea, of calculating beforehand for each year the distances of 
the moon from $he sun, and the principal stars lying near her path, and 
inserting the results in an annual ephemeris. This suggestion was 
approved of by the Government, and he was forthwith appointed to carry 
it into effect. 'The ‘Nautical Almanac” first appeared in 1767. During the 
remainder of his life Dr. Maskelyne continued to superintend the publi- 
cation of this ephemeris, which has proved so valuable to the mariner. 

Maskelyne had not long prosecuted his labours at the Observatory of 
Greenwich, when he succeeded in inducing the Government to print his 
observations annually. The whole results have been published in four 
folio volumes. 1'rom their uniformity, their continuity, and their general 
accuracy, they have proved of inestimable value in many innportant inves- 
tigations relating to astronomical science. 

It has been already mentioned that Roemer did not fail to perceive the 
superior advantage of circular instruments in making astronomical obser- 
vations, when compared with quadrants, or any other sections of a circle, 
and that, in accordance with this view, he procured the construction of a 
meridian cirele. ‘I'Re cxample of the Danish astronomer does not seem 
to have been imitated by any of his contemporaries, nor was the idea of 
circular instruments revived, until Mayer proposed the construction of 
the repeating circle. In 1757 a reflecting circular instrument, constructed 
according to the description which Mayer had transmitted to England 
along with his lunar tables, was actually employed by Captain Campbell 
in making observations at sea, but it was speedily replaced by a sextant of 
twice the radius, as being more easily manageable *. 

Towards the close of the last century the Danish astronomer, Bugge, 

made observations with an altitude and avimuth circle. The diameter of 
the vertical circle was four feet}. In 1789 a vertical circle of five feet in 
diameter was constructed by Ramsden { for the celebrated astronomer 
Piazzi, who employed it in determining the declinations of his great cata- 
logue of stars. Circular instruments of various forms soon afterwards 
came into general use. 

About the same time that circular instruments were again applied 
to the purposes of astronomical observation, the method of réading off 
the angles by means of microscopes fixed in piers opposite to the divi- 
sions of the limb was also restored. In the present instance, however, an 
important improvenicnt of Noemer'’s method was effected, for, instead of 
subdividing tho interval between two consecutive points of division, by 
means of parallel threads placed in the focus of the microscope, and then 
estimating the fractional parts of these subdivisions, the exact distance of 


* Mayer’s Tables, p. cxi. + Lalande, Astronomie, art. 2333. 

+ Jesse Ramsden was born at Salterhebble, near Halifax, Yorkshire, in the year 1735. 
Having obtained a sound elementary education, including some knowledge of geometry 
and algebra, he was subsequently apprenticed to a clothworker at Halifax. In 1755 he 
proceeded to London, where he found employment as a clerk in a warehouse, but having 
a strong inclination towards scientific pursuits, he baund himself as an apprentice for four 
years to a mathematical instrament maker. Soon after he completed his engagement, he 
commenced business on his own account, and eventually attained unrivalled excellence as 
an artist. Several of the finest astronomical instruments used in the publie observatories 
of Europe towards the close of the cighteenth century were the productions of his ingenuity 
and skill, He also constructed a great number of achromatic telescopes, and other phi- 
losophical instruments. He was a Fellow of the Royal Society, and also one of the 
Foreign Members of the Imperial Academy of St. Petersburg. He died on the 5th of 
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the index from the nearest point of division was ascertained by means of 
a micrometer screw. This mode of reading off angles was first proposed 
by the Duc de Chaulnes, in a small work which he published at Paris in 
the year 1768. Ramsden did not fail to see the advantages of it, and 
accordingly he applied it to the altitude and azimuth circle which he con- 
structed for Piazzi. 

Towards the close of his career at Greenwich, Maskelyne began to 
suspect, from certain irregularities in the declinations of the stars, as 
determined with Bird's mural quadrant, that the instrument had become 
defective from Iong use. This fact having been established beyond doubt 
by evidence derived from other sources, he represented to the Govern- 
ment the expediency of replacing it by a circular instrument. This 
request was acceded to, and a mural circle of six feet in diameter was 
constructed for the Royal Observatory by Troughton *, but it was not 
actually finished when Maskelyne died. 

John Pond, the successor of Maskelyne at the Royal Observatory of 
Greenwich, was born in London in the year 1767. At the age of sixteen 
he was placed at Trinity College, Cambridge. Whilo engaged in prose- 
cuting his studies there, he displayed an interesting proof of his inclina- 
tion towards those pursuits which subsequently formed the occupation of 
his life, by uniting with two of his fellow-students in soliciting Prof. Vince 
to give a course of lectures on practical astronomy. After leaving Cam- 
bridge, he proceeded to the Continent, where he continued to travel for 
some time, Upon his return to England he established his residence at 
Westbury, in Somersetshire, and devoted his whole attention to practical 
astronomy. Having procured an altitude and azimuth circle of three feet 
diameter, constructed by Troughton, ho commenced a series of observa+ 
tions with it, and so successfully did he prosecute his labours, that in 1806 
he was enabled to demonstrato by irrefragable evidence founded upon the 
results, that the brass quadrant of Greenwich had undergone a change of 
form since its erection in Bradley's time+. His earliest observation at 
Greenwich is dated the 11th of January, 1811. In the month of June of 
the same year the mural circle which ‘Troughton had been charged to 
construct for the Observatory was ready for use. ‘This magnificent instru- 
ment demanded method of observation totally different from that 
hitherto pursued with the quadrants. In his mode of using it Pond 
shewed that he possessed talents adequate to the occasion. The observa- 
tions of a celestial object were now made, not by determining the distance 
from the zenith agreeably to the practice hitherto pursued with the quad- 
rants, but by referring the object to the pole as the zero of measurement, 


* Edward Troughton was born in 1753 in the parish of Corney in Cumberlandshire, 
He was brought up to farming pursuits till he was seventeen years of age, but he then 
proceeded to London, and acquired instruction as an artist under his brother John. In 
1782, the two brothers commenced business on their own account, and by their industry 
and skill soon attained a prosperous condition. Upon the death of his brother, Edward 
continued to prosecute the business of an artist for many years, and ultimately acquired a 
European reputation by his excellence as a constructor of astronomical instruments. In 
1830, he received an honorary gold medal from the King of Denmark. He died on the 
12th of June, 1835. A marble bust of this distinguished artist adorns the Observatory 
of Greenwich. He was the last of a succession of English artists, each of whom was 
without a rival in his day. It is somewhat singular that Sharp, Graham, Bird, Ramsden, 
and Troughton should have succeeded each other at almost equal intervals; and still 
more so, that they should all have been born in a tract of country comprehended within 
the limits of three adjacent counties of the north of England. 

+ Phil. Trans., 1806, p. 420, et sea. 
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the position of the latter being ascertained by observations of cireumpolar 
stats. The instrument, according to this practice, served to determine the 
polar distance of an object, and therefore the results were totally inde- 
pendent of the place of observation. The error of the instrument was 
ascertained by comparing the observed places of certain standard stars 
with their places as deduced from a fundamental catalogue. The differ- 
ence between each observed and calculated resalt gave a corresponding 
value of the error of the instrument for the day of observation, and the 
mean of all such differences gave the mean error of the instrument, or, 
as Pond termed it, the index error. This quantity, being then applied to 
all the observations, gave the polar distances of the various objects, freed 
from the effects of instrumental error. In the case of the standard stars, 
the application of the index error supplied the means of obtaining a cor- 
rection of their places as assigned by the catalogue, and it is manifest that 
by frequently repeating the same process the catalogue would be rendered 
more and more perfect. This method of observation obviated the neces: 
sity of employing the plumb-line, the use of which was not, indeed, con- 
sidered by Troughton in his original design of the instrument; while at 
the same time it dispensed with an exact knowledge of the latitude of the 
Observatory t. 

In 1816 the Royal Observatory was enriched by the accession of a new 
transit instrument ten fect long, constructed by Troughton. Hence- 
forward the Greenwich determinations, both in polar distance and right 
ascension, acquired a degree of precision which has hardly been surpassed 
by the most accurate observations of the present day. . 

In the course of his famous controversy with Brinkley on the parallax 
of the fixed stars, Pond was led to employ occasionally a new method of 
observation which he subsequently practised with great success. It is essen- 
tially founded upon the principle of optics that when a ray of light is re- 
flected from any surface, the angles of incidence and reflexion are equal to 
each other. In virtue of this principle, it is clear that when a celestial ob- 
ject is observed with the mural circle by direct vision, and also by reflexion 
from the surface of a fluid, the half of the angle contained between the 
two readings of the circle will assign the altitude of the object, and tho 
reading which corresponds to the point of bisection will indicate the 
horizontal point. Hence, knowing the latitude of the place of observa- 
tion, the polar distance of the object may at once be determined. Pond 
first applied this principle by observing the object at one of its transits 
by direct vision, and then at the next transit by reflexion from the sur- 
face of a trough of mercury. This method was attended, however, with 
inconvenience, inasmuch as, in consequence of unfavourable weather, 
several days might intervene before a complete observation could be 
obtained. Moreover the result was liable to some degree of uncertainty, 
arising from the different effects of refraction’ at the beginning and end 
of the interval, and from causes tending to produce a slight derange- 
ment in the adjustment of the different parts of the instrument. Im- 
pressed with a sense of these defects, Pond contrived a method of obsery- 


* The process thus indicated would not free the polar distances of the catalogue of a 
common error, but Pond shewed how this object might be effected by observations of 
circumpolar stars. —( Phil. Trans., 1818, p. 410.) 

+ A knowledge of the latitude was necessary for transforming the polar distances into 
altitudes, with a view to compute the effects of parallax and re‘jaction, but it is manifest 
that, for such a purpose, extreme precision was not reauired. 
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ing a celestial object at one transit both by direct and reflected vision, 
founded upon a combination of simultaneous observations made with two 
mural circles*. A mural circle by Jones, that had been destined for the 
Cape of Good Hope, was employed, along with Troughton’s circle, in test- 
ing the practicability of this method. The experiment having been at- 
tended with complete success, Pond solicited from the Government the 
permanent use of the second circle, and his request being complied with, 
he now introduced the method into general practice. 

_ Pond commenced his regular observations by direct and reflected vision 
in the month of September, 1825. This method of determining the 
zenith point continues still to be practised at Greenwich, except in so far 
as relates to the use of two circles, the present Astronomer Royal having 
devised a mode of effecting the same object by means of only one circle. 

Pond did not fail to make regular observations of the sun, moon, and prin- 
cipal stars, but he devoted less attention to the planets than the importance 
of improving their respective theories demanded. In sidereal astronomy 
generally, his contribution to the existing stock of knowledge was much 
more extensive than that of his predecessor. His peculiar methods for 
eliminating the effects of instrumental error, were founded upon a skilful 
combination of masses of observations, and he was led in consequence to 
determine the places of a considerable number of stars. In 1833 he 
published a catalogue of 1112 stars, which proved a valuable acquisition to 
the practical astronomer. It is generally admitted to be one of the most 
accurate productions of the kind that has ever been given to the world. 

In the autumn of 1835, Pond was compelled by ill health to resign his 
appointment. ‘Che Government manifested a just appreciation of his 
merits, by bestowing upon him a retiring pension, but he was not destined 
long to enjoy the fruits of their liberality. He died on the 7th of Sep- 
tember, 1836, and was buried at Lee in Kent, in the same tomb with 
Halley. 

George Biddel Airy, Esq., the present Astronomer Royal, commenced 
his labours at Greenwich as the successor of Pond, on the 2nd of October, 
1885. He had already earned a distinguished reputation by his re- 
searches on physical astronomy, and by his directorslsip of the Observatory 
of Cambridge, to which he was appointed in the year 1828, During 
the period of his connexion with the latter establishment, he intro- 
duced 2 practice which did not fail to exercise an important influence on 
the future character of the labour performed at public observatories in 


this country. It had been hitherto usual for the directors of such estab- ° 


lishments, to confine their attention exclusively to observations of tha 
celestial bodies, leaving to others the task of their reduction. Flam- 
steed, indeed, deserves to be citcd as an honourable exception to this re- 
mark; and with respect to his successors, the circumstance of their 
having omitted to reduce thcir observations, must be attributed to the 
scantiness of the resources which the Government placed at their disposal, 
rather than to any inattention or apathy on their own part. There can 
be no doubt, however, that the restriction of their labours to mere obser~ 
vation, tended seriously to frustrate the very object for which public ob- 
servatories have been established, namely, the attainment of a more 
accurate knowledge of the movements of the celestial bodies ; for few in- 
dividuals could muster sufficient courage to undertake the investigation of 
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any subject relating to astronomical science, when, as a preliminary opera- 
tion, it was found indispensable to execute an enormous mass of tedious 
calculations. Indeed it is not to be expected, that any one can take such 
an interest in the reduction of obsetvations as the person who actually 
makes them, and hence it is rédzonatie to presume that he of all others 
is best qualified for the execution of so laborious a task. Under a strong 
impression of the imperfect state of all observations that were not imme- 
diately available for purposes of research, Mr. Airy, as soon as he was 
appointed director of the Cambridge Observatory, introduced a system of 
reduction as a normal part of his duties.” The volume of results which 
henceforward issued annually from that establishment, formed a perfect 
model to the practical astronomer. Not only were the observations regu- 
larly reduced, but in so far as the planets were concerned, the results were 
compared in every instance with the corresponding numbers calculated 
from the most esteemed tables, so that the errors of the latter being thus 
exhibited in bold relief, served to invite rather than to repel the re- 
searches of the theoretical enquirer. This admirable system was shortly 
afterwards introduced at Greenwich. 

Another practice of great utility, which Mr. Airy adopted during his 
directorship of the Cambridge Observatory, and which he followed up 
more effectually upon his removal to Greenwich, was that of making 
regular observations of the planets. This was a department of practical 
astronomy, which for a long time had been very much neglected at the 
Royal Observatory. The sun, moon, and principal stars were regularly 
observed as they passed the meridian; but, except during opposition, the 
places of the planets were very rarely determined. Mr. Airy’s atten- 
tion was strongly directed to the expediency of remedying this defect, by 
the difficulty which he experienced in procuring suitable observations of 
the planets, while engaged in researches on physical astronomy. The 
planets are now invariably observed at Greenwich on every practicable 
occasion, at whatever hour they pass the meridian. 

From the intimate connexion which was found to subsist between the 
lunar theory and the problem of the longitude, the moon has formed an 
object of unremitting attention at the Observatory of Greenwich, ever since 
its establishment in 1675, ‘This constancy of purpose has not failed to 
produce its due fruits, for it is universally acknowledged that, in so far as 
observationjs concerned, tho present advanced state of the lunar theory 
is almost exclusively attributable to the Jabours of the Greenwich astro- 
nomers. It is therefore an object involving in an especial degree the 
honour of the Royal Observatory, to render the observations of the moon 
as accurate and as complete as possible. In pursuance of this object Mr. 
Airy has recently introduced the usc of an altitude and azimuth instru- 
ment at Greenwich, for the purpose of making observations of the moon in 

"any part of her course above the horizon. Two distinct circumstances 
suggested the expediency of deviating in this respect, from the plan of ob- 
servation hitherto pursued at the Royal Observatory. In the first place, 
it frequently happens, from the unfavourable state of the weather, that the 
moon cannot be seen when she is on the meridian. Secondly, although 
the heavens should be perfectly serene, it is found to be impossible to 
discern the moon on the meridian for several days before and after her 
conjunction with the sun, on account of the overpowering effulgence of 
the Salar phys. 12 hana Sea five adtiigcadlon ha. ace Hock eh ee 
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had never been observed at all. The altitude and azimuth instrument, 
devised by Mr. Airy for remedying this defect, was constructed by the 
joint exertions of Messrs, Ransome and May, engineers of Ipswich, and: 
My. Simms of London, the ——'. the celebrated Troughton. Both 
the vertical and azimuthal circles afe 8 feet in diameter. ‘The telescopa 
attached to the instrument is 6 feet long, and is furnished with an object- 
glass of 8% inches aperture*. The observations with it were commenced 
on the 16th of May, 1847. In practice it has been found to work admi- 
rably. . Mr. Airy considers the results to be hardly, if at all, inferior to 
those obtained by the use of the mural circle.s The utility of the instra~’ 
ment in promoting the object for which it was designed, soon became ap- 
parent. It has been found that the moon may be observed with it in the 
morning and the evening, when she is only an hour distant from the sun. 
The consequence has been, that the number of lunar observations, con- 
tained in the volume that issues annually from the Greenwich Observa- 
tory is now about three times greater than it formerly wast, while, at the 
satae time, the observations with the new instrument, possess this peculiar 
advantage, that many of them have been made in a part of the moon's 
orbit, where no observations at all had hitherto been supposed to bé- prao- 
ticable }. It is manifest thet this circumstance cannot fail to be attended 
with advantage in contributing towards the further improvement of the 
Junar theory. 

The complete reduction of the observations of the moon and planets 
made at Greenwich since the middle of the last century, is a work with 
which the name of the present Astronomer Royal is imperishably associated. 
At the meeting of the British Association, held at Cambridge in 1883, Mr. 
Airy suggested the expediency of effecting a uniform reduction of all the 
observations of the planets made at Greenwich since 1750, the year when 
Bradley commenced his observations with the new instruments con- 
structed by Bird §. He proposed, on that occasion, that if the Government 
should agree to defray the necessary expense, he would undertake gratui- 
tously to superintend the whole operation. At the instance of the Associa- 
tion, the Government acceded to this proposal, and the work was forthwith 
commenced. The results were finally published in 1846, in one large 
quarto volume. The whole work is divided into five sections. In*the 
first section the errors of the clock are deduced from the’ observations. 
Jn the second the errors of the instrument are similarly investigated. In: 
the third the geocentric places are computed from the observations. In 


* A detailed description of this instrument will be found in the volume of the Green- . 
wich Observations for 1847. 

+ During the first year which clapsed after the instrument was in operation, the number 
of lunar observations made with it amounted to 203. The number of similar observa- 
tions made on the meridian during the same period was only II. 

+ This must be understood only with respect to the sun. The moon had been 
observed from the earliest ages in every part of her absolute orbit; but as the perturba- 
tions of her motion depend mainly on her angular distance from the sun, it is obviously 
a matter of primary importance that she should be observed in every part of her course 
relative to that body. 

§ Previous to the epoch referred to in the text, astronomers were not in the habit of 
recording their observations so fully as to admit of their being reduced in the present day 
with all desirable accuracy. Thus the indications of the barometer and thermometer had .- 
not been hitherto noted by any observer, not even excepting Bradley. Aphrt, therefore, 
from all consideration of the superiority of the instruments constructed by Bird, this efr- 
cumstance alone would render it inexpedient to attempt the reduction of anv anterter oke 
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the fourth the corresponding places are calculated from the best existing 
tables. In the fifth the observed and tabular places are compared to- 
gether, and the resulting errors exhibited. 

When we consider that the observations which form the subject of this 
immense volume, were made by varidhs individuals, with instruments very 
different from each other, and by methods totally dissimilar, we may form 
some conception of the difficulty of eliminating the systematic errors to 
which they were liable, and assimilating them by legitimate principles so 
as to exhibit them in the character of one Homogeneous collection of 
results. The execution of fhis great yndertaking renders the Greenwich 
observations of the planets from 1750 to 1830 immediately available for 
purposes of theoretical research, leaving in this respect nothing further to 
be desired. 

The, reduction of the Greenwich lamar observations from 1750 to 1830 
was undertaken at the public expense in consequence of a representation 
to that effect*having been made to the Government by the British Asso- 
ciation, agreeably to a suggestion of Sir John Lubbock's on the occasion 
of the meeting of the Association, which was held at Liverpool in 1837. 
The organization of the plan of reduction, as well as the superintendence 
of its execution, was in this instance also confided to Mr. Airy. In con- 
sequenco of the multitude of inequalities by which the moon’s motion is 
ted, the undertaking was one of stupendous magnitude. In order to 
form: some idea of the labour expended in its execution, it may be men- 
tioned that upwards of 8000 places of the moon were deduced from the 
observations, and compared with the corresponding places calculated from 
the tables. An extraordinary force of computers was employed for several 
years at the Royal Observatory in these calculations. ‘The regults were 
finally published in the year 1848, in two quarto volumes *. Mr. Airy, 
who is distinguished no less as a theoretical than asa practical astronomer, 
has made them the subject of profound discussion, with a view to obtain 
a more accurate knowledge of the moon's motion, and has announced the 
conclusions at which he arrived in a paper which appears in the seven- 
teenth volume of the “ Memoirs of the Astronomical Society.”+ 

Allusion has already becn made to Pond’s method of determining the 
zenith distance of a celestial body at one transit by a combination of 


* The calculations connected with this great undertaking were superintended by Mr. 
‘Hugh Breem who had the melancholy satisfaction of just living to see its completion: 
Mr. Airy, who bears honourable testimony to his skill and accuracy, states, at the begin- 
ning of the first volume of the published results, that after a short illness he expired on 
the morning of April 1, 1848, only a few hours having elapsed after the last supple~ 
mentary tables had been sent to the press. 

+ Allusion has already been made to some of the more important results of these re- 
searches in a former pert of this work, Another very interesting confirmation of them is 
mentioned by Prof. Hanseu, in a letter to the Astronomer Royal, dated June 27, 1830. 
(Mo, Proc. Ast. Soc., June, 1850.) Mr. Airy had deduced + 1’.721 as the correction 
of Damoiseau’s valuc of the secular motion of the lunar node. Prof. Hansen, having 
caused one of his assistants to compute, by the modern tables, the nineteen ancient eclipses 
recorded by Ptolemy in the Almagest, found by a comparison of the results with the re- 
corded observations, that the correction of the same clement should be + 1'.643. The 
close agreement of these two values will appear very remarkable, when the complexity 
of the moot’s motion is taken into account. Professor Hansen states that they both 
agree as nearly as could be desired, with the corresponding value deduced by him from 
the theory of gravitation. The result of these different researches completely refutes the 
statement recently pnt forth by Prof. Sciffarth of Leipsie, to the effect that the ancient 
eclipses indicated the aecessity of a considerable correction of the motion of the lunar 
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The observations are made by direct and reflected vision, in the same 
way as formerly practised with the mural circle. The instrument has 
been in constant use since the commencement of the year 1851*. 

Although meridional determinations form the principal object of atten- 
tion at Greenwich, observations of a miscellaneous nature are not altoge- 
ther neglected. In one of the domes of the more ancient part of the 
buildmg, there is fitted up an equatorial of 5 feet in diameter, which 
was originally constructed by Ramsden for Sir George Shuckburgh, 
nd which in the year 1811, was presented to the Royal Observa- 
tory by the Hon. Mr. Jenkmson. This instrument is occasionally used 
in observing comets. It has recently Geen employed in determining the 
distances between Mars and the neighbouring stars, in connexion with 
the corresponding observations of the American expedition to Chili}. 
In the south-eastern dome of the modern part of the observatory, a 
powerful telescope, mounted cquatorially, has been in constant use since 
the year 1838. The object glass, which is by Cauchoix, of Paris, is the 
munificént gift to the observatory of the Rev. R. Sheepshauks, I¢ has 
an aperture of G.7 inches, and a focal length of 8 feet 2 inches. ‘Ihis 
telescope is fitted with «a double-image micrometer, contrived by Mr. 
Airy. It has been employed in measuring the diameters of the planets, 
and in determining the distances and angles of position of double stars. 
An interesting result obtaincd by the use of this telescope, is the recent 
determination of the true figure of the planet Saturn, by the Rev. Mr. 
Main, tho chief assistant at the Royal Observatory, 

' Besides the equatorials above referred to, there are also detached tele- 
scopes for the observation of eclipses, occultations, and other phenomena 
of a similar kind, Among the instruments of this description is a reflect- 
itig telescope of 10 fect, constructed by Sir William. Herschel. 

“In Pond’s time an instrument termed the zenith tube was constructed 
by Troughton for the observatory, the object of which was to determine 
amall distances from the zenith. It consisted of a telescope 25 feet: long, 
adjusted to the zenith by the aid of a plumb-line. The small variations 
in the zenith distance of a star were ascertained by measuring with an 
internal micrometer, the deviatious of the star from the optical axis of 
the telescope. In practice the use of this instrament was limited to 
observations of y Draconis, which passes within about 2’ of the zenith of 
Greenwich. 

The zenith tube was first erected in 1833, and strong hopes were enter- 
tained that observations with it would lead to a more accurate determina. 
tion of the constant of aberration, and might also serve to throw light 
upon several other interesting points of astronomy. These hopes, how- 





in the focus of the former telescope will form a distinct image at the focus of the latter. 
Hence, if the collimating telescope have a fixed position in the meridian, the transit may 
be adjusted to it by bringing its cross wires to coincide with the cross wires of the col~ 
limator. ‘The principle of the collimating telescope has been applied (o various astrono- 
mical purposes in modern times by Gauss, Bessel, Kater, and others. We have already 
had occasion to mention a singular mode of using it, by Dr. Robinson, in his researches 
on Irradiation (see p. 353). 

* Que of the peculiarities of this instrument, consists in its bemg made of as few sepa- 
rate pieces as possible. so as fo obviate the effects of unequal expansion, and to secure 
more effectually the adjustment of the different parts. For this purpose the material of 
construction used is cast iron, the pivots of the axis being hardened by the process which 
engineers term chillin 
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ever, have not been realised. Notwithstanding a great amount of attention 
and skill bestowed upon it for many years, the results have not been 
found to exceed in accuracy those obtained by the aid of the mural circle. 
The Astronomer Royal, in consequence, has recently contrived a new instra- 
ment, termed the reflex zenith telescope, which appears to be adapted for 
giving results of great accuracy. The adjustment of this ingenious instru- 
ment, with respect to the zenith, is effected not by means of the plumb- 
line, which Mr. Airy considers to have been the main cause of the failure 
of the former instrument, but by reflexion from a surface of mercury 
This instrament is now being constructed, and will soon be ready for use,’ 

The volume which issues annually from the Greenwich Observatory, 
exhibits an interesting picture of the activity which reigns inthat esta 
blishment. The sun, moon, and planets, and the stars of the Nautical. 
Almanac, are observed as they pass the meridian on every practicable 
occasion. A considerable number of other stars is also observed on the 
meridian. for particular purposes. Then there ave the extra-meridional 
observations with the equatorials, comprehending oceasional observations 
of comets, determinations of the diameters of the planets, and micro- 
inetrical measurements of double stars; besides observations from time 
to time of eclipses, occultations, and other such phenomena, with, detached 
telescopes. The observations of the planets for the year are all reduced, 
and a comparison is instituted between the resuits thus obtained, and the 
corresponding results calculated from the most esteemed tables of the 
several bodies. Not only are the errors in the geocentric longitude and 
ecliptic polar distance of each planct thus regularly tabulated, but the 
equations between the errors in geocentric longitude and the heliocentrie 
errors of the earth and planet are also regularly formed. The observ 
tions, infact, are so exhibited as to be immediately available for correcting 
the elements of the planets, or otherwise perfecting the theory of their 
movements*. The stars observed during each year are also reduced to’ 
their mean places, forming the materials for occasional catalogues, which 
prove of inestimable value, both as a guide to the practical astronomer 
and as a groundwork of research to the theorist. The same system of 
complete reduction is applied to all the other observations. Inthe case 
of the occultations of stars by the moon, the results in every instance 
are employed in forming an equation for the rectification of the lunar 
theo; So with respect to the occultations and transits of Jupiter's 
satellites, the times of actual occurrence are compared with the times 
indicated by the Nautical Almanac, and the errors of the ephemeris, 
or rather of the tables of the satellites, thereby clearly exhibited to 
the eye. 

It will be obvious to any person who bestows even a passing glance 
upon the annual volume of the Greenwich Observations, that the office of 





* The error in the geocentric longitude of a planet may arise from either of the fol- 
lowing causes :—Ist, an crror in the earth’s longitude ; 2nd, an error in the radius vector 
of the earth’s orbit; 8rd, an crror in the heliocentric longitude of the planet ; 4th, an error 
in the radius vector of the planet’s orbit. Hence an equation is formed between each 
error of geoventrie longitude and the four errors above mentioned, represented algebrai- 
cally as unknown quantiti In the annual volume of the Greenwich Observations, the 
unmerical values of the coeflicients of the different terms in cach equation are regularly 
caleulated, but this is the farthest step that is practicable. The discussion of the equa- 
tions can only Le undertaken, with any hopes of success, when they have accumulated in 
large numbers, and when the observations 1q which thee wlata hace oetend.3 
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Astronomer Royal is no sinecure. One forms, however, & very imperfect 
idea of the heavy responsibility attached to the directorship of a national 
observatory, from a mere inspection of the current labours of the establish- 
ment. The rapid progress of astronomy in modern times, is constantly 
suggesting the necessity of modifying in some degree the instruments 
and methods of observation in actual use, and it is therefore desirable 
that the individual appointed to such an office should possess a natural 
aptitude for encountering every fresh difficulty that may occur in the 
practice of observation, while at the same time he should maintain a 
vigilant eye over the labours of his contemporaries, -s0 as to avail 
himself of every really useful improvément that their researches may 
elicit. It is hurdly necessary to remark that sound judgment and 
strong natural sagacity, combined with a profound knowledge of tho 
various branches of physical science bearing upon practical astronomy, as 
well as inglefatigable energy, are indispensable to the due discharge of 
such duties. 1t is universally admitted that the present Astronomer 
Reéyal has proved himself to be eminently qualiticd for his arduous office, 
and that he has upheld in the most satisfactory manner the ancient repu= 
tation of the Observatory of Greenwich. Moreover, while he has been 
actively engaged in the promotion of objects more immediately relating to 
practical astronomy, he has not failed to contribute to the advancement 
of astronomical science in general, by researches of a purely theoretical 
character. 1t ought to be remarked, also, that in virtue of his office he is 
frequently called upon by the Government to take an active part in scien- 
tific operations, which have only a remote connexion with astronomy, but 
which necessarily demand much careful attention. In all these labours, 
‘as well as in the multifarious details connected with the ordinary discharge 

his duties, My. Airy has uniformly displayed the same consummate 
ability, the same untiring energy, and the same devotedness to the trust 
committed to his charge. 

A retrospective view of the history of the Royal Observatory of Green- 
wich is calculated to excite feclings of agreeable satisfaction with respect 
to the nrode in which that noble institution has fulfilled the end for which 
it was originally designed. From the circumstance of the observations 
extending with uninterrupted regularity over a long period of time, and 
from their undisputed excellence, they have formed almost the exclusive 
materials by. means of which astronomers in modern times have succeeded in 
bringing the tables of the sun, moon, and planets to their present high state 
ef perfection. ‘The lumar theory, which so intimately concerns the interests 
of navigation, has been especially indebted for its successive improve- 
ments to the observations made at Greenwich. It is also mainly by a 
discussion of Greenwich observations that the constants of precession, 
and the other uranographical corrections, have been established with such 
precision in the present day. Delambre has justly remarked, that if by 
some great revolution the sciences had perished, while this collection of 
observations alone, with some methods of calculation, had survived the 
general wreck, there would still remain sufficient materials for recon- 
structing the whole edifice of astronomical science *. In the present day, 
when the attention of astronomers is being directed to questions of greater 
delicacy than any which had hitherto formed the subject of research, the 
materials annually accumulated at Greenwich have acquired new claims 
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to the consideration of the theorist. It is thus that the recent determi- 
nations of the places of the stars at that observatory, have served to 
confirm beyond all doubt. the interesting conclusion arrived at by various 
astronomers in modern times relative to the motion of the solar system in 
space *, 

ce the department of practical astronomy, which relates to the .de- 
termination of the figure of the earth and the promotion of objects con= 
nected with geographical science, England, although not the first: in 
the field, has in recent times assumed a distinguished position. The 
geodetical operations which have been carried on in the present cen- 
tury, both in the British Isles and in India, may fairly challenge eompa~ 
rison with the most unexceptionable undertakings of a similar kind that 
have been executed on the Continent. The Iudian are of the meridian 
is, moreover, especially remarkable for being the longest that has yet 
been measured upon the surface of the earth. With respect to those 
operations which have for their object the determination of the terrestrial 
ellipticity by means of experiments with the pendulum, it may be asserted. 
with confidence, that no country has achieved so much as Britain has done. 
The experiments of the lamented Captain Foster, for completeness dnd 
delicacy of execution, may be said to leave nothing further to be desired, * 

It is impossible, within the limits of this work, to give an account of 
the numerous establishments that have been founded, in different parts of 
the British empire, for the promotion of practical astronomy. To the in- 
fluence of the Astronomical Society is attributable in a great degree the 
activity which thus generally prevails. ‘This society was founded in the 
year 1820, and was finally incorporated by Royal Charter in 1830, The 
first President of the Society was Sir William Herschel. 

In Franee, practical astronomy continued to make slow progress during 
the whole of the eighteenth century ; a circumstance mainly attributable 
to the imperfect organization of the Royal Observatory of Paris. Some 
brilliant exceptions, indeed, must be made to this remark. - We have 
seen Lacaille, in spite of unfavourabte circumstances, raise himself, by 
the mere force of his. talents, to a high position among contemporary es- 
trouomers. It has been remarked, also, that Irance took the initiative in 
those important operations which relate to the determination of the mag- 
nitude and figure of the earth. In this department of practical astro- 
nomy, she still continued to maintain her pre-eminence. The measure. 
ment of the are of the meridian comprehended between Dunkirk and 
Barcelona, was one of the most splendid scientific operations of the 
eighteenth century +. This magnificent undertaking was executed under 
the joint superintendence of Delambre and Méchain, Delambre, more 
especially, by his labours of this occasion, proved himself worthy to be as~ 
sociated with Picard, Bouguer, and Lacaille. The main peculiarity of the 
operation consisted in the observations having been made exclusively with 
the repeating circle. It has been already mentioned that Mayer first’ sug- 


* In recent years atlention has been devoted at the Greenwich Observatory to the phe- 
nomena of Meteorology and Magnetism, and the observations relative to these departments 
of physical science are now published with the same regularity as the astronomical obser- 
vations. . i 

t It may be remarked that the object of this operation was, not to determine the figure 
of the earth, but to obtain an invariable standard of measurement, by adopting as the 
fundamental linear unit, the ten millionth part of a degree of the meridian. MM. Arago 
and Pict subsequently extended the are beyond Barcelona to Formentera, one of the Bale- 
aric fsles, 
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gested the principle of repetition as a means of obviating ‘the errors of 
division in astronomical instraments. The idea of that astronomer was 
not, however, realised till the year 1787, when it was at length applied 
successfully by Borda, a French officer of Marine, distinguished by philo- 
sophical acumen and strong practical talents. 
In the construction of tables of the various planetary bodies, an object 
of research which may be said to form the connecting link between theo- 
retical and practical astronomy, the labours of Delambre would suffice to 
assign to him a high place in the history of astronomy, even although he 
possessed no other claims to the recollection of posterity: “The method of 
equations of condition, the utility of which Mayer originally exhibited in 
his admirable researches on the libration of the moon, was employed with 
great success by Delambre, in the year 1785, in correcting the elements 
of the solar orbit by means of Maskelyne’s observations. His tables of 
the planets Jupiter, Saturn, and Uranus, and of the satellites of Jupiter, 
which shortly afterwards appeared, as well as his solar tables, which were 
published at a later period, were ali admirable attestations of his perse- 
verance and skill. He may he said to have been the first who submitted 
masses of observations to a systematic process of treatment, deducing in 
this manner, from their total ‘Y, an accuracy of result which was unattain- 
able by a succession of partial operations *. 
About the commencement of the present century, an improvement was 
effected in the organization of the Royal Observatory of Paris. At the 
same time, two excellent mural quadrants, one of which was constructed 
by the celebrated Bird, were erected in suitable apartments. Hence- 
forward tho observations assumed a character of regularity and trust- 
worthiness hitherto unknown, and were destined, in consequence, to prove 
really serviceable in conducing towards the advancement of theoretical 
astronomy, In recent times, when the duties of its directorship have been 
confided to M. Arago, the Royal Observatory of Paris has attained a high 
degree of efficiency. Observations are now constantly made at that esta- 
- blishment, both by direct and reflected vision, with two mural circles con- 
structed by French artists of acknowledged eminence+. The brilliant 
result which M. Le Verrier deduced from his researches on the perturba- 
tions of Lranus, based to a considerable extent upon date procured from 
's of the Royal Observatory of Paris, was a graceful homage to 
ious philosopher, at whose suggestion he was induced to under. 
take an examination of the subject. 

In no country has practical astronomy made more rapid progress during 
the present century than in Germany, The labours of Bessel and a host 
of eminent astronomers, afford ample confirmation of the truth of this 
remuk, It must he allowed, also, that in the construction of astronomical 
instruments, the German artists have attained a degree of excellence 
which is unsurpassed in any other country of the world, 

Denmark still continues to sustain her ancient reputation by her patron- 
age of astronomical science. In M. Schumacher, whose recent death has 

















* Jean Baptiste Joseph Delambre was born at Amiens, in the year 1749. He died at 
Paris in 1822. 

‘t One of the mural circles was executed by Gambey, an artist who appears to have 
attained a very high degree of excellence im the art of graduation. According to 
M. Faye, the probable error of the interval between two consecutive points of division 
of the circle constructed by him for the Royal Observatory of Pas: lace than M'.1N] 
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been so deeply deplored by the astronomical world, practical astronomy, 
more especially, has lost a supporter whose place it will be difficult to 
supply. The Astronomische Nachrichten, with which the name of that 
astronomer is inseparably associated, has, perhaps, contributed more to- 
wards the improvement of astronomical science, in all its Branches, than 
any similar publication has ever done. This celebrated periodical was 
established by M. Schumacher at Altona, in the year 1821, and has ever. 
since formed the conmon medium of intercourse among astronomers over 
the whole civilised world. Its jmblication continued to be regularly 
superintended by him till his death *. 

While England, France, and Germany have been contributing towards 
the advancement of practical astronomy, Italy has not remained an idle 
Spectator of the’ scene. There is assuredly no cause of more cheering 
congratulation, to those who look forward to the regeneration of that ndble 
country, than is afforded by the circumstance that, while trodden in every 
age under the hoof of the oppressor, she has never, even in the darkest 
hour of her distress, resigned herself to despair, but has invariably main~ 
tained her high position in the intellectual world, with a constancy of 
purpose and a brilliancy of success worthy of her deathless renown. 
While unrivalled in the productions of the imagination, Italy has been 
always ready to dispute the palm with the most favoured nations in the 
more severe pursuits relating to the mathematical and physical sciences. 
In Oriani and Piazzi, as well as many other eminent individuals of modern 
times, she has afforded abundant evidence that practical astronomers of the 
first order are not wanting to sustain her reputation. i 

The efforts which Russia has made in recent times to acquire a position 
in the civilised world conformable to the grandeur of her material re- 
sourees, have in no instance been more signally illustrated than in her 
munificent patronage of astronomical science, ‘Ihe earliest observatory of 
that country was built at St. Petersburg, in 1725, under the auspices of 
Peter the Great. Delisle, a French astronomer of considerable experience, 
was its first director. As in the case of most of the early observatories 
of Kurope, it was built in the formof a high tower, the observations having 
been made in an apartrient at the top of the building. In 1747, this 
structure was totally consumed by fire, whereupon Delisle returned to 
France. Shortly afterwards it was rebuilt in its original style, and Hein- 
Sius of Leipsic, an astronomer well known for his observations of.the great 
comet of 1747, was appointed director. The instruments with. which the 
observatory had been hitherto furnished were only of moderate excellence, 
and consequently the observations could not be expected to possess a high 
degree of importance. In 1761, however, the Russian Government, with 
a view to extend the usefulness of the observatory, procured from Eng- 
Jand a mural quadrant of eight feet radius, by Bird, who was then in the 
zenith of his fame, and also a transit instrument of five feet focal length, 
constructed by the same artist. Grischow, who was then director of the 
establishment, justly considered that the practice of making the observa- 
tions in an apartment at the top of the building was unfavourable to the 
stability of the instruments ; and, moreover, that the situation of the obser- 
vatory in the heart of a populous city was not by any means desirable. 
On beth these grounds, he suggested that a new observatory should be 


* Heinrich Christian Schumacher was born at Bramstedt, in Holstein, on the Srd of 
September, 1780. - te dind ar Aliana an the OGth af Nicnarchee 164K Whe dc, 
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built in a more suitable locality, and as this idea was for some time fayour- 
ably entertained by the Academy of Sciences, no immediate steps were 
taken for mounting the instruments obtained from England. It was not 
till ‘the year 1798, when the design of erecting a new observatory was 
temporarily #vandoned, that the instruments constructed by Bird were at 
length adjusted in the meridian in two lateral apartments, situate upon 
the first floor of the observatory. 

Although Russia had not hitherto contributed greatly to the advance- 
ment of astronomical science in so far as meridional observations were 
concerned, it is just to state that, in regard ‘to the important observations 
connected with the transits of Venus in 1761 and 1769, the Government, 
as well as the astronomers of that country, took a very distinguished part. 
Another important object connected with the practice of observation, which 
exercised the talents of the Russian astronomers towards the close of the 


last century and the beginning of the present, was the determination of. 


the geographical positions of the principal points comprehended within 
the vast territories of the empire. The most active in the prosecution 
of these labours was the well known astronomer Schubert. In 1803, M. 
Wisniewski*, an astronomer of great merit, was appointed director of the 
Observatory of St. Petersburg. Although some excellent observations in 
the meridian were now occasionally made at that establishment }, it wag 
deemed advisable to apply its resources chiefly to observations of comets 
and other isolated phenomena. In 1827, the idea of a new central obser- 
vatory began again to be entertained by the Academy, and in 1880 the 
Emperor at length declared by his minister, that the honour of the country 
appeared to him to demand the establishment, near the capital, of a new 
astronomical observatory, conformable to the actual state of science, and 
capable of contributing to its ulterior advancement. 

The first thing to Le done was to fix upon the most appropriate situa-. 
tion for the new observatory. After some deliberation it was at length 
resolved, at the suggestion of the Emperor, that it should be erected in 
the vicinity of Pulkowa, a small town situate about ten miles to the south- 
west of St. Petersburg. upon a gentle eminence commanding an extensive 
view of the horizon in all directions. The design of the establishment 
was upon 2 scale of unprecedented magnificence. ‘The foundation stone 
of the building was laid on the 2Ist of June, 1835, and it was finally com- 
pleted on the 19th of August, 1939. Pt 

* This astronomer scems to have been gifted with a remarkable power of Vision, 
According to M. Struye, he continued to observe the comet of 1807, in the month: ef 


March, when all other astronomers had lost sight of it for four weeks, In the case of the, 
great comet of 1811 he gave a still mor ing proof of his acuteness of vision. This 
comet first became visibic in the month of March, 1811, and after reappearing on its? 
return from the perihelion, was finally lost sight of on the 11th of January, 1812. “Bessel,s 
however, suggested that the earth might not improbably overtake the comet, and that the 
latter might in consequence become visible for the third time, in the month of July or 
August. Wisniewski actually detected it at Novo-Tcherkask, on the 31st of July, and kept! 
sight of it ti!l the 17th of August. No other European astronomer appears tottavé per- 
ceived the comet on this occasion; but it is worthy of remark that it was seen by the 
Spanish astronomer Ferrer, at Havannah, in the Island of Cuba (Mem. Ast. Soc., vol. tii, 
p. 96). It may be mentioned that Ferrer and his companion determined the orbit of 
this celebrated comet with great accuracy from their own observations, made with a sextant 
of only seven inches radius, before Bessel or any of the great astronomers of Europe had 
published any results on the subject. 

+ M. Struve states that a series of observations of the newly discovered planets, Ceres 
and Juno, was made at the St. Petersburg Observatory about this tim 
accuracy might bear comparison with thace masta a¢ ene nthe 2) 
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The task of providing the instruments for the new establishment 
was confided to M. Struve, the director of the Observatory of Dorpat, so 
celebrated for his labours on various subjects relating to astronomical 
science, and more especially for his observations of double stars.’ The 
imperial instructions relative to this object were characterised by un- 
bounded liberality. The principal instruments of the establishment have 
been constructed by German artists, For meridional observations there. 
are four instruments, two of which have been supplied by Ertel of Munich, 
and two by Repsold of Hamburgh. The instruments by Ertel are a ver- 
tical circle 43 inches in diameter, and a transit instrument of 5.85 inches 
aperture, and 8 feet 6 inches focal length + those by Repsold are a meri- 
dian circle 48 inches in diameter, and a prime vertical telescope of 6.25 
iaches aperture and 91 inches foeal length. For extra-meridiontl obser- 
“vations, the observatory is furnished with a magnificent equatorial tele- 

- ‘scope by Merz and Mahler of Munich, the object glass of which has a free 
aperture of 14.93 inches, and a focal length of 22.55 feet, Moreover, it 


both astronomical and physical, destined for various purposes connected 
with the practice of observation. Tn short, the Observatory of Pulkowa 
may be regarded as one of the most complete in existence, of those insti- 
tutions that have been founded for promoting tho advancement of astro. ° 
nemical science. The expense attending tho erection of the building, and 
its subsequent equipment, amounted in round numbers to 600,000 roubles 
of silver *, 

The illustrious Struve has been appointed first director of the Obser- 
vatory of Pulkowa. An ample staff of assistants, several of whom enjoy a 
European reputation, is allowed him for carrying on effectually the labours 
of the establishment. The sum allotted from the imperial treasury for its 
annual maintenance is no less than 62,200 roubles $. , 

M. Strave commenced his labours at the Observatory of Pulkowa in the 
month of September, 1839. The main object to which he has proposed 
to devote the resources of the establishment, is the advancement of side- 

"real astronomy. Results of great importance relative to precession, -. 
aberration, and other kindred subjects, have already been deduced from 
bsérvations ¢. 
: ie United States of America, practical astronomy has recently been 
making ‘rapid progress. A central observatory has been established at 
Washington, which is placed under the direction of Lieut. Maury. The 
expedition to Chili, undertaken with a view to determine the solar paral- 
“ Tax. by means of simultaneous observations of Venus and Mars, bears 
honourable testimony to the enlightened views and liberality of the 
American Government: Besides the’ national observatory above alluded 
to, there.are similar institutions, upon a smaller‘scale, established in several 
of the-states of the Union. Of these, the most celebrated is the obserya- 
tory of Harvard University, Cambridge, Massachusetts, which boasts of one 
of the largest and most perfect refracting telescopes in the world. The, 
discovery of the eighth satellite of Saturn, and the establishment of various 
facts of a highly interesting nature. relative to the physical constitution 


* £100,000. : + £10,366 13s. dd. 

+ M. Struve has given a complete description of the Observatory of Pulkowa in a mag- 
work entitled, « Description de I’ Observatoire Astronomique Central de Pul- 

adparR G. W. Struve,” 2 vols, fol., St, Petersburg, 1845, 

oo 
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of the celestial bodies, have resulted from the labours of Mr. Bond, the di- 
rector of the observatory, achieved by the use of this powerful instrument. 
One of the inventions which do most honour to the Americans, consists 
in the application of electro-magnetism to geographical and astronomical 
purposes. As early as the year 1844, the instantaneous transmission of 
time by the electric telegraph, was employed in determining the difference 
of the longitudes of Washington and Baltimore. The same method has 
since been practised for ascertaining the relative longitudes of various 
other transatlantic cities. Recently, attempts have been made, with 
complete success, to record transit observations of the-celestial bodies, by 
means of the clectro-magnetic principle. As soon as the star is seen 
bisected by the wire of the teleseope, a slight pressure of the finger-com- 
pletes ox breaks the galvanic circuit, and the effect is instantaneously 
transmitted, by the intervention of a magnet, upon a recording surface, 
to which a uniform motion is given by a peculiar mechanism. This in- 
genious contrivance for fixing the precise instant of a phenomenon, by 
calling into exercise the seuse of touch to aid that. of vision, promises, 
at no distant period, to supplant the usual mode of recording by the 
combined application of the eye and the car*. We may remark, in con- 
cluding this chapter, that it ought to be borne in mind also, as’ an 
earnest of what may be expected from the future exertions of our trans- 
atlantic brethren, that to an American philosopher Practical Astronomy is 
indebted for the beautiful invention of the collimating telescope. ‘ 


CHAPTER XIX. 


Catalogues of the Fixed Stars.—Their importance as forming the Groundwork of Astro. 
nomical Science, —Larlier Catalogues —-Ptolemy.—Ulugh Beigh.—Tycho Brahé. 
Halley. Hevelius. — Flamsteed. — Modern Catalogues. —Bradiey.—Lacaille.— Mayer. 
—-Maskelyne.— Publication of the Histoire Céleste of Lalande.—Piazzi-—Groom- 
bridge,—-Zone Catalogues of Stars—Bessel.—Argelander Santini—Catalogue of 
the Astronomical Soci Catalogues of Southern Stars.—Fallows,—Brisbane,~~ 
Johnson.— Henderson. ndard Catalogues of Stars,—Catalogue of the British As. 
sociation.— Recent Standard Catalogues. 

















Cara.ocuns of the fixed stars, considered as contributions to Astronomical 
Science, possess an importance arising from two distinct causes. In the 
first place, an accurate catalogue of such objects furnishes a series of 
points of reference by means of which the positions of the various bodies 
composing the planetary system may be determined from observation, and 
the laws of their motions investigated. Secondly, it constitutes the . 
groundwork of stellar astronomy. A comparison of catalogues constructed 
at different dates, enables the astronomer to ascertain the proper motions of 
the stars, and to arrive at conclusions respecting the changes which may be 
taking place in the physical constitution of the sidereal heavens. More- 


* It would appear that several individuals in the United States are entitled to share in 
the merit of this ingenious invention, among whom may be more especially mentioned 
Mr. Bond, Mr. Scars Walker, Prof. Mitchell, and Dr. Locke. _ It has been stated in the 
text, that the instant uf transit may be noted, either by completing the galvanic circuit, 
supposing that in the ordinary state of the apparatus the current of electricity is inter- 
rupted, or by making the electricity to flow in a continual current, and then suddenty 
breaking the circuit. Both of these methods have been practised in America. At the 
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over, it is by such a comparison alone, that he can discover whether there 
exist any real grounds for believing that the whole solar system is affected 
with a motion of translation in space. 

The first individual who constructed a catalogue of the stars was 
Hipparchus, who may be considered as the true founder of Astronomical 
Science. It is said by Pliny, that he was induced to enter upon this 
undertaking, by the sudden apparition of a new star in his time. Be this 
as it may, it is certain that he actually determined by observation, the 
longitudes and latitudes of upwards of a thousand stars, and arranged the 
results in a catalogue. The earliest production of. this kind now extant, 
is the catalogue inserted by Ptolemy in the Syntavis. It contains the 
longitudes and latitudes of 1028 stars, arranged in 48 constellation, 
The epoch is the first year of the reign of the emperor Antoninus, which 
corresponds to the year 188 a.p. It has been suspected, on very probable 
grounds, that this catalogue is nothing more nor less than the catalogue of 
Hipparchus, transported to the time of its reputed author, by applying to 
the longitudes of all the stars a common additive quantity for the sup- 
posed effect of precession during the intermediate period. 

The next catalogue of stars, in the order of time, is that of the Tartar 
prince, Ulugh Beigh. This individual, who was a grandson of the re- 
nowned. Tamerlane, established an observatory at Samarcand, the capital 
of his father's dominions, and devoted himself with great ardour to astro- 
nomical pursuits. Having found that the positions of the stars, as 
assigned by Ptolemy in his catalogue, were in many instances considerably 
erroneous, he formed the resolution of constructing a new catalogue, 
founded exclusively upon his own observations. This design was actually 
realised by him. The number of stars in the catalogue of this prince is 
1019, ‘being only nine less then the namber containéd in Ptolemy's 
catalogue. The epoch is the year 1437 a.0. The mode of arrangement 
is the same as that employed by Ptolemy. Ulugh Beigh was treache- 
rously slain by his son in the yeay 1449, shortly after his accession to the 
throne of his father. 

The next catalogue recorded in the annals of astronomy, is that of the 
illustrious Tycho Brahé. It originally appeared in the work of that 
astronomer, entitled Astronomia Instanrate Progymnasmata, which was 
first published in the year 1602. The number of stars is 777. The 
epoch is 1600 ap. From the labour and skill employed by Tycho Brahé 
in its construction, this catalogue was vastly more accurate than any other 
that had been hitherto executed. Kepler subsequently enlarged it from 
Tycho Brahé's observations to 1008 stars, and published it in the year 
1627, at the end of the Rudolphine Tables. 

Halley’s Catalogue of Southern Stars was the next in succession after 
a contrivance for recording transits by electro-magnetism, which had been used for some’ 
time at the Cambridge Observatory, U. S. In this apparatus, the signal was made by 
interrupting the galvanic circuit, the recording paper upon which the magnet acted being 
applied closely upon a cylinder, to which a uniform motion was given by a mechanism 
devised at Cambridge, termed the spring governor. Mr. Airy proposes to introduce the 
mode of recording transits by electro-magnetism at the Royal Observatory, where the 
necessity of transmitting time from the meridian transit clock to the altitude and azimuth 
instrument (the observations with which are made by noting the transit of the object over 
a system of horizontal and vertical wires) renders such a method peculiarly desirable. It 
would seem that the Astronomer Royal contemplates applying the principle so that the 
instant of transit shall be indicated by completing the galvanic circuit, and that he purposes 
giving a uniform motion to the recording cylindrical surface by roeane of a nohe 
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Tycho Brahé's. The observations which form the basis of this catalogue 
were made at St. Helena, during the years 1676-7-8. The number of 
stars is 341. The epoch is 1677. Besides the circumstance of its relating 
exclusively to stars in the southern hemisphere, this catalogue is further 
remarkable for being the first that was constructed from observations 
made by the use of telescopic sights. Although not so accurate as was 
desirable, even for the astronomy of his time, Halley did not on any 
subsequent occasion attempt its improvement. It was submitted, however, 
to a careful revisal by Abraham Sharp, and was inserted in its amended 
form in the third volume of the Historia Celestis of Flamsteed. 

The catalogue of Hevelius appeared in a posthumous work published in 
1690, It contained 1564 stars. The epoch is 1660. In consequence 
of the pertinacity with which its author adhered to the use of simple 
pinoules in making observations of the cclestial bodies, this catalogue has 
not been attended with so much advantage to astronomical science as 
might have been expected from the labour bestowed upon its construction. 

All the above-meutioned catalogues, after being subjected to a careful 
revisal by the late Mr. Baily, were then reprinted; and, in their improved 
state, they now form the thirteenth volume of the “Memoirs of the 
Astronomical Society.” 

Tt has been already mentioned that Flamsteed’s “ British Catalogue” 
was published in 1725, in the third volume of the “ Historia Celestis.” 
Mr. Baily executed a scrupulous revisal of this catalogue also, adding to 
it several hundred stars, which he extracted from Flamsteed’s original 
observations. In this form it was republished by him in 1885, at the end 
of his “Account of the Life and Correspondence of Flamsteed,” a work 
to which we have repeatedly had occasion to allude. 

‘No catalogue of stars was constructed from Bradley's observations 
during the lifetime of that great astronomer. In the Nautical Almanac 
for 1773, there finally appeared a catalogue of 389 principal stars, ex- 
tracted by Mason from the records of @he observations made by him at: 
Greenwich. This catalogue was subsequently inserted by Dr. Hornsby in 
the first volume of Bradley's Observations, which was published at Oxford 
in 1798, Allusion has been made to Bessel’s Fundamenta Astronomia, 
which he published in 1818, containing a catalogue of stars constructed 
from the totality of the observations made by Bradley between the 
years 1750 and 1762. The number of stars in’ this catalogue is 3112. 
Tho epoch is January 1, 1750. 7s 

The illustrious Lacaille is the author of three catalogues of stars. 
The first of these was published in 1757, in his Furdamenta Astronomia, 
It contains the places of 398 stars. The epoch is January 1, 1750. The 
place of the equinox was determined by Flamstced’s method, from obser- 
‘vations of « Lyre and Sirius, in connexion with corresponding obserya- 
tions of the sun. This may be considered as the first catalogue which, in 
point of accuracy, can bear a comparison with those of modern construc- 
tion, In consequeuce of its having become exceedingly rare, the late 
Francis Baily undertook a careful revisal of it, and procured its insertion 
in the fifth volume of the Memoirs of the Astronomical Society.” 

The second catalogue of Lacaille’s is founded on observations of 
southern stars made by him during his residence at the Cape of Good 
Hope. Of these observations, comprehending the places of nearly ten 


* Prodromus Astronomie, Gedan, 1690, 


HISTORY OF PHYSICAL ASTRONOMY. 509 


thousand stars, a partial catalogue only was formed by the author, con- 
taining the reduced places of 1942 stars. The remaining mass con- 
tinued in their original condition, until at length, in 1888, the British 
Association, at the suggestion of Mr. Baily, undertook the reduction of 
the whole of the observations according to a thiform system.. The com- 
putations were executed under the superintendence of the late Professor 
Henderson, of Edinburgh. The number of stars is 9766. The epoch is 
January 1, 1750. The catalogue was printed in 1845, at the expense of 
the Government. 

Lacaille’s third catalogue is one of 515 zodiacal stars, which was pub- 
lished in 1763 as a posthumous work. He contemplated that this 
cataldfue should contain the places of 800 stars; but he was prevented. 
by death from realising his design. The observations upon which it is 
based were reduced, shortly after his death, by his personal friend Baily ; 
who does not seem, however, to have executed his task with the scrupulous 
regard to accuracy which a work of so much importance demanded. The 
epoch of this catalogue is the year 1765. 

Mayer is the author of a catalogue of 998 zodiacal stars, which appeared 

in a volume of posthumous works, published at Gottingen, in 1775. 
Through the influence of Francis Baily, the original observations were 
brought from Gottingen to this country, and were published. in 1826 at 
the expense of the Board of Longitude. The same individual having 
carefully revised the catalogue, by collating it with the original observa- 
tions, procured its insertion in the fourth volume of the “ Memoirs of 
the Astronomical Society.” 
' Maskelyne’s fundamental catalogue of 36. stars, published by him,’ 
originally in the Greenwich Observations, was by far the most accurate 
production of the kind that had been hitherto given to the world. This 
small collection long continued to be an indispensable guide to the 
practical astronomer. ‘ 

Observations of circumpolar stags present a peculiar interest, on account 
of their utility in researches on refraction and various other subjects of 
astronomical science. In 1800 the Rey. Francis Wollaston published a 
small catalogue of such stars in a work entitled “ Fasciculus Astronomicus,” 

Towards the close of the last century, a vast number of observations of 
stats were made at the Ecole Militaire of Paris, by D'Agelet and Michael 
Lefrangais Lalande, nephew of the celebrated astronomer of that name. 
The observations were made in zones.. It was contemplated in this 
manner to determine the positions of all the stars in the northern 
hemisphere down to the ninth magnitude. They were published in 
1801, in & volume entitled “ Histoire Céleste Frangaise,” but they were 
unreduced, and therefore they were, in point of fact, inaccessible to the 
astronomer. Partial reductions of these observations were shortly after- 
wards made; but the great mass remained for many years in their 
original condition. In 1825, Schumacher published tables for facilitating 
the reduction of the stars contained in the Histoire Céleste, computed 
according to a plan suggested by Bessel. In 1837, the British Associa- 
tion agreed to defray the expense of the reduction of all the observations, 
at the suggestion of Francis Baily, who undertook the superintendence of 
the whole operation. The Government, as in the case of Lacaille’s’ 
observations of southern stars, agreed to defray the expense of printing. 
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This great catalogue contains the places of 47,390 stars, reduced to the 
beginning of the year 1800. Although the results are not distinguished 
by a high degree of accuracy, they have proved eminently useful as points 
of reference in extra-meridional observations, and have served to throw 
light upon several interest&g points of astronomical science. 

In 1803 Piazzi published, at Palermo, his first catalogue of 6748 stars. 
The fundamental points used in its construction were the thirty-six stars of 
Maskelyne's catalogue. As some doubt seemed to rest upon the accuracy 
of the right ascensions of these stars, the illustrious Italian. resolved to 
establish his results solely upon his own observations, and;:in accordance 
with this view, he formed a preliminary standard catalogue of 120 prin- 

“‘eipal stars, which he published in 1807. These formed the basis®f his 
more extensive catalogue of 7646 stars, which appeared in 1814. This 
great work is justly considered to be one of the most important that has 
ever been executed by a single individual. Every ‘star was observed 
several times, and a mean of all the results taken as the final place of 
the star. Moreover, the table of refractions employed by Piazzi in re- 
ducing the stars to their meau places, was deduced by him exclusively 
from his own observations. The epoch of the catalogue is the beginning 
of the year 1800. I*rom the circumstance of its being at once so ex- 
tensive, so accurate, and so independent in its construction, this catalogue 

- has formed the groundwork of much valuable research to the theorist, 
while at the same time it has proved an inestimable boon to the practical 
astronomer f. 

In 1806 De Zach published a catalogue containing the places of 1880 
zodiacal stars, founded on observations made by him at the observatory of 
Seeberg in Saxe Gotha. 


*Precipuaram Stellarum Inerrantium Positiones Mediw, inewnte seculo xix”, 
Quarto, Panormi, 1814. The observations employed in the formation of this catalogue 
were made by Piazzi, at the Observatory of Palermo, between the years 1792 and 1819, 
with the famous altitude and azimuth instrument constructed for him by Ramsden. 

+ According to Captain Smyth, each star was observed from five or six to ten or 
twenty, or eyen occasionally to a greater number of times. The same author states that 
the whole number of observations amounted to nearly 150,000. (Cycle of Celestial 
Objects, vol. i 433, . } 

$ Joseph Piazzi was born on the 16th of July, 1746, at Ponte in the Valteline, a dis- 
trict of Northern Italy, which then formed part of the Helvetic Confederation. In early 
life, he became a member of the monastic order of Theatines. As soon as he had 
qualified himself for holy orders, he was appointed to teach philosophy in a convent of 
Genoa, but baying incurred the displeasure of the theological party by too free an 
expression of his opinions, he shortly afterwards resigned his situation. Having now de- 
voted his attention more especially to the exact scierices, towards which he always evineed 
a strong inclination, he was appointed Professor of Mathematics at Malta, and subse- 
quently at Rome. In 1780, be was appointed Professor of Mathematics in the Academy 
of ‘Palermo. Shortly afterwards Ferdinand IV., King of Naples, having founded an 
observatory at that city, Piazzi was appointed director of the establishment. Having 
visited France and England, in order to extend his knowledge of practical astronomy, he 
returned to Palermo, bringing with him a collection of astronomical instruments from the 
latter country, and commenced his labours at the new observatory in 1792. He now 
proceeded to carry into effect his resolution of executing a great catalogue of stars, an 
undertaking which may be said to have formed the principal object of his life. Captain 
Smyth, who was a personal friend of the celebrated astronomer, referring to this great 
work, says of its author :—“ I cannot forget his emphatic expression on putting a final 
correction to the last proof sheet in 1814. ‘Now,’ said he, ‘my astronomical day 
is clused.’” (Cycle of Celestial Oljects, vol. i., p. 433.) Piazzi died on the 22nd of 
July, 1826. By his will he bequeathed bis library and instruments to the Observatory of 
Palermo, and an annuity to be employed in educating young men who showed an ineli- 
pation towards astronomical nursuits.. 
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A remarkable instance of devotion to this department of astronomical 
science is exhibited in the case of Stephen Groombridge. In 1806, this 
individual commenced observations of all the stars, down to the eighth 
magnitude, situate within 50° of the North pole, and finally completed 
his task in the year 1816. These observations were made with a transit 
circle constructed by Troughton. During the period included between 
the years 1816 and 1827, he was engaged in reducing his observations, 
but, before he succeeded in bringing his labours to a close, he was com- 
pelled by the weak state of his health to desist from his undertaking. The 
task of completing the reductions was executed at the expense of the Govern- 
nient, under the superintendence of Mr. Airy, and a catalogue embodying 
the results was finally published in 1888. “It exhibifs the mean places ®* 
of 4248 circumpolar stars reduced to the year 1810. This is universally 
admitted to be one of.the most valuable contributions to practical astro- 
nomy made during thé nineteenth century. ° 

The astronomical career of the illustrious Bessel was distinguished by 
a remarkable series of sidereal observations. In 182] he commenced 
observations of all the stars, down to the ninth magnitude, comprehended 
between the parallels of 15° south declination and 45° north declination. 
These observations were made in zones with a meridian circle by Reichen- 
bach, the right ascension and declination of each star being determined 
at a single observation. This great undertaking was completed in 1833. . 
The number of observations amounted to about 75,000. By means of 
subsidiary tables appended to them, it was casy to perform their reduction 
in any particular imstance ; but still it was desirable that they should be 
exhibited in a completely reduced form. This task was executed by 
Professor Weisse, of Cracow, for all the stars situate within the region 
extending 15° ou each side of the equator, and a catalogue of the results 
‘was published in 18.6, at the expense of the Academy of Sciences of St. 
Petersburg. The number of stars iu this valuable catalogue is 31,805, 
reduced to the year 1825. The preface to it is written by M. Strauve..- 
Professor Weisse is at present engaged in completing the reduction of 
the remaining zones of Bessel’s observations. Argelander bas followed 
up Bessel’s undertaking by a similar observation in zones of all the stars 
included between 45° and 80° of north declination. ‘These observations 
were commenced in 1841, and were finished in 1844. The number of 
stars is -about 22,000, arranged in 204 zones. Tables are appended to 
facilitate their reduction. 

Tt ought to be mentioned that, previous to the publication of Weisse’s 
catalogue, a similar catalogue of stars, although less extensive, had been 
published by Sig. Santini, of Padua, founded upon his own observations. 
The number of stars in this catalogue is 1677, comhprehended between the 
equator and 10° of north declination. ‘The observations were made during 
the years 1838~39-40, The cpoch is January 1, 1840, The object of 
this catalogue was to establish a series of reference points which might 

. be useful in extra-meridional observations of new planets or comets. Tor 
this purpose the catalogue was so planned that, on each parallel of decli- 
nation, some well-detcrmined star should be found at every eight or ten 

“minutes of time. The catalogue is inserted in the twelfth volume of the 
‘“‘ Memoirs of the Astronomical Society.” 

In 1827 the Astronomical Society of London rendered an important 

service to practical astronomy, by the publication of a general catalooue 
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of stars, founded upon the most celebrated catalogues that have been 
executed since the middle of the eighteenth century. This catalogue con- 
tains the places of 2881 stars, reduced upon a uniform system to the 1st 
of January, 1830. In addition to the mean place of each star, the con- 
stants for computing its apparent place, according to Bessel’s method, are 
also inserted in the catalogue. .The introductory explanation is by 
Francis Baily, to whom was assigned the important task of selecting the 
most trustworthy values. of the uranographical corrections. The calcula- 
tions were executed under the superintendence of Lieut. Stratford. 
Hitherto the stars in the southern hemisphero had been almost entirely 
neglected by astronomers since the time of Lacaille: With the view of 
~ Sremedying this defect, the Government, in 1820, established an observatory 
at the Cape of Good Hope, appointing the Rev. F. Fallows to be its 
director. In the Philosophical Transactions for 1824 there is inserted 
asmall catalogue by that astronomer, containing the mean places of nearly 
sal] the principal stars between the zenith of the Cape of Good Hope 
and the South Pole. % 

When Sir Thomas Brisbane was appointed Governor of New South 
Wales in 1821, he erceled an observatory at Paramatta, which he furnished 
with excelent instruments. In the same noble spirit of disinterested 
liberality, he employed, at his own expense, two qualified assistants, 
Messrs. Riimker and Dunlop, to aid: him in his astronomical labours. 
Tn 1832 M. Rimker published, at Hamburg, a small catalogue of 
stars observed in the southern hemisphere, designed as preliminary 
to one of greater extent. Jn 1835 Sir Thomas Brisbane published 
a catalogue of 7385 stars, chiefly in the southern hemisphere, founded 
also upon observations made at his establishment at Paramatta. M. 
Riimker is at present engaged in constructing from the same collection 
of observations a catalogue of 12,000 stars. on 4 es 

In 1880 an observatory was erected at St. Helena, and Lieut. John- 
son, a talented officer who happened to be on duty on the island, was 
appointed its director. Two years only elapsed, when a stock of obser- - 
vations was amassed, which served for the formation of an admirable 
catalogue of 606 principal stars in the southern hemisphere. This cata- 
logue was published in 1535, at the expense of the East India Com- 

LY. 

* th 18414 Taylor's catalogue of 11,015 stars, founded on observations 

made at Madras during the years 1822-43, was published at the expense 

* of the Kast India Company. This catalogue includes upwards of: three 
thousand stars situate in the southern hemisphere, observed with especial 
reference to the same stars in Sir Thomas Brisbane's catalogue. 

t Inthe tenth volume of the ‘“‘ Memoirs of the Astronomical Society,” there 
are inserted the mean declinations of 172 principal stars in the southern 
hemisphere, reduced by the late Professor Henderson of Edinburgh, from 
his own observations at the Cupe of Good Hope. In vol. xv. he has 
given the mean right ascensions of the same stars. While on the sub= 
ject of the southern stars, it may be mentioned, that the observations made 
by Fallows at the Cape of Good Hope, during the years 1829-30-31, _ 
have been recently reduced under the superintendence of Mr. Airy, and 
that from the results, a catalogue has been constructed, containing the 
mean places of 425 stars, situate chietiy in the southern hemisphere. 

The only catalogues of stars distinguished by a high degree of accuracy 
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which were accessible to astronomers in the year 1830, were those of 
Bradley and Piazzi. Tt was desirable, however, for purposes of research, 
as well as for facilitating the practice of observation, that anew catalogue 
of equal accuracy should be constructed from recent observations. In 
1833, Pond, the Astronomer Royal, contributed towards supplying this 
desideratum by the publication of a catalogue containing the mean places 
of 1112 stars reduced tothe beginning of the year 1830. In 1835, > 
M. Argelander published a catalogue of 560 stars founded on observations 
made by him at Abo. The epoch is the same as thatef Pond's catalogue. 
In the eleventh volume of the “ Memoirs’ of the Astronomical Society,” 
there is inserted a catalogue of 726 stars, formed by Mr. Airy from observa- 
tions made by him at the Observatory of Cambridge during the intervab. 
included between the years 1828 and 1885. The epoch in this case also 
is January 1, 1880. ‘In the Greenwich Observations for 1842, the same 
distinguished astronomer has published a catalogue of 1139 stars, founded 
on observations made at the Royal Observatory, between the years 1836 


- and 1841 inclusive. The epoch of reduction is January 1, 1840. 


‘The publication of the catalogue of the Astronomical Society, in 1827, 
suggested the desirableness of re-observing the stars whose places, were 
therein given, for the purpose of throwing light upon’the question of their 
proper.motions. Tn the tenth volume of the ‘ Memoirs of the Astrono- 


. mieal Society ” there is inserted a catalogue of the right ascensions of 1318 . 


Tt may be u 


stars, determined by Mr. (now Lord) Wroitesley at a private observatory 
which he fitted up at Blackheath, the right ascension of each star being com- 
pared with the corresponding right ascension of the Astronomical Society's. 


_ catalogue*, A similar catalogue of the right ascensions of 1248 stars. 


has been recently formed by Licut. Gilliss, of the United States Navyvig 

mentioned, that one of the objects proposed by the American” 
expedition to Chili, of which that excellent astronomer has been appointed 
thé superintendent, is the formation of a catalogue of all the stars down 
to the eighth magnitude, situate within 60° of the South Pole. 

The great utility of the catalogue published by the Astronomical Society, 
suggested to astronomers the expediency of forming a more extensive.cata- 
logue upon the same pla, but accompanied with some improvements in 
the details. At the meeting of the British Association which was 
held at Liverpool in 1887, it was agreed to defray the expense of. 
constructing such a catalogue. The superintendence of the operation — 
was undertaken by Mr. Baily; but that individual, whose unparalleled 
exertions in this department of astronomical science will not fail to * 
excite the gratitude and admiration of all future astronomers, had not 
the satisfaction to witness its completién, having died on the 80th of An- 
gust, 1844, only a few months before the catalogue was ready for pub- 


‘lication. The British Association appointed a committee consisting of 


Dr. Robinson, Lieut. Stratford, and Prof. Challis, to superintend the re- 
maining part of the operation, and the catalogue was finally published in 
1845. The preface is by Mr. Baily. The materials of its construction are 
derived from all the trustworthy catalogues that have been executed since 
the time of Bradley. The number of stars is 8377. The epoch of reduc- 
tion is January 1, 1850. This catalogue is distinguished from the catalogue 


_* Lord Wrottesley is at present engaged in prosecuting a series of observations with a 
view to the formation of a similar catalogue, which he purposes to compare with that of 
the British Association, 


LL 


514 HISTORY OF PHYSICAL ASTRONOMY. 


of the Astronomical Society in two important particulars. In the first place, 
the secular variation of precession, both in right ascension, and declination, 
is given for each star. Secondly, the proper motions of the stars are 
assigned with as great a degree of nearness to the truth, asthe existing state 
‘of sidereal astronomy allowed. This catalogue has proved of vast ser- 
vice to astronomers in every part of the civilised world. 

An important catalogue has recently issued from the Greenwich Obser- 
vatory, founded on observations made during the twelve years commencing 
with 1836, and enging with 1847. On account of the increasing im~ 
portance of the subject of the proper motions of the .stars,it- has been 
deemed expedient to employ two epochs in the formation of. this. catalegue. 
The observations made during the first six years, are reduced to the first 
of January, 1810; the epoch of the remaining observations is the com 
mencement of 1843. The number of stars in the catalogue is 2156. 
One peculiarity of this catalogue consists in the constants of reduction 
ubeing computed according to the modification of Bessel's method, which 
Mr. Airy had shortly before suggested. 

Allusion has been made to Mr. Johnsou's catalogue of southern: stars. 
This, distinguished astronomer, who was appointed Director of the Rad- 
cliffle Observatory, Oxford, upon the death of Prof. Rigaud in 1888, 
has been engaged for several years in re-observing the circumpolar stars 
of Groombridge’s catalogue. ‘This great undertaking is now all but 
completed. The number of stars observed will exceed the number in 
Groombridge’s catalogue by about 2000. The epoch of reduction is the 
beginning of 1845. A comparison of this catalogue with Groombridge’s 
cannot fail to lead to results of great importance. 

In addition to the catalogues of stars alluded to in the foregoing pages, 

» * accurate catalogues of a select number of stars have been formed at every 
“observatory, both in this country and on the Continent, where meridionad 
observations form the chief object of attention. Apart from the special 
utility of these catalogues in so far as the practice of observation is eon= 
cerned, they have in many instances been employed in some of the most 
delicate researches of modern astronomy*, 








CHAPTER XX. 

Early Notions of the Telescope.—Invention of the Telescope in Holland.—Galileo 
constructs a Telescope.— Kepler proposes the Telescope composed of Two Convex 
Lenses.— This Instrument first applicd to Astrouomical Purposes by Gaseoigne.— 
Telescopic Observations of Huyghcns and Cassini.iReflecting Telescope proposed. 

+ by Gregory. — Newton executes a Refiecting Telescope.— Efforts of his Successors for 
construct these Instruments.— Invention of the Achromatic Telescope by Dollond.— 
Reflecting Telescopes executed by. Herschel—- Modern Improvements in the Re- > 


fracting Teleseope.—Improvements in the Construction of Reflecting Telescopes.— 
Lassell—_Lord Rosse. . 









Tux telescope is justly considered to be one of the noblest inventions | 
which the annals of human ingeuuity can boast of. By its means’ the 


* It may be stated in illustration of this remark, that a small catalogue of stars which 
Bessel constructed trom own observations at Konigsberg, was employed by him in 
combination with the cbservations of Bradley and Piazzi, in his celebrated investigation 
of the quantity and laws of Precession. Again, M. Otto Struve has availed himself of a 
small catalogue of stars founded on observations made at Dorpat, in his recent reacarches 
on the same subject, in connexion with the great problem of the Motion of the Solar 
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distant regions of ‘space have been unveiled, and views of the material 
universe have been obtained, surpassing in splendour the most dazzling 
pictures of the imagination. Its penetrating power has revealed to us 
the astonishing fact, that far beyond the visible confines of the starry fir- 
mament, there exist countless myriads of suns and systems of suns, each 
of these glorious luminaries being in all probability the centre of a 
numerous cortége of revolving worlds. Nor has its influence been less 
apparent in conducting the mind to juster ideas respecting the system of 
which our own planet forms a part. ‘Lhe sun, which the ancient philo- 
sophers supposed to be merely a resplendent orb composed of a pure and 
immaculate substance, exhibits, when viewed with the telescope, unequi- 
vocal traces of a complex organization, accompanied with continual fluc- 
tuations ‘in its physical condition, suggesting the sublime idea of its being 
the abode of innumerable objects of creative wisdom and beneficence. 
The planets, whose structure seemed to be equally mysterious with their, 
movements, have been transformed from so many insignificant specks of. 
light to an assemblage of magnificent worlds, presenting numerous points 
of analogy to the earth, and affording thereby irrefragable evidence in 
favour-of the Pythagorean system of the universe. Even the loftier 
researches of physical astronomy are, to a great extent, dependent on the 
revelations of the telescope. Many of the beautiful conclusions that 
have been deduced from the theory of gravitation would fail to excite any 
interest in the.mind of the enquirer, and the geometer would be deprived 
of some of his noblest triumphs, if the telescope were not available to 
trace their real counterpart in the heavens. 

The deep interest associated with the revelations of the telescope has 
called: forth a variety of speculations respecting the probable epoch to 
which its origin may be referred. Some persons have pretended to dis- ° 
cover in the writings of the ancient philosophers, indubitable proof that 
the telescope is not a modern invention. ‘Thus it has been asserted that 
Democritus, who announced that the Milky Way is composed of a vast 
multitude of stars, could only have been led to form stich an opinion by 
an actual examination of the heavens with the telescope. We are not 
warranted, however, in drawing so important a conclusion from a casual 
remark, however sagacious, any more than we should be justified in 
inferring that Seneca was in possession of the discoveries of Newton, 
because he predicted that comets would one day be found to revolve in 
Periodic orbits. The same consideration applies to various other pas- 
sages cited from the Greek and Latin writers, upon the strength of 
which attempts have been made to assign a high antiquity to the 
telescopg. : 

When we come down to modern. times, we find the invention of the 
telescope claimed for.a still greater number of persons who flourished 
anterior to the epoch to which its origin is usually referred. Among 
these there is no individual who appears to have made so near an approach 
to the invention as our celebrated countryman, Roger Bacon. In the 
following passage, extracted from his Opus Majus, he describes the phe- 
nomena depending on the refraction of light by lenses with so much 
truth, that we should almost feel justified in ascribing to him some share 
in the invention both of the telescope and microscope. “ Greater things than 
these may be performed by refracted vision. For it is easy to understand by. 
the canons above mentioned that the greatest things may appear exceeding 
small, and the contrary. For we can give such figures to transparent 
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bodies, and dispose them in such order with respect to the cye and the 
objects, that the rays shall be refracted and bent towards any place we 
please; so that we shall see the object near at hand, or at a distance 
under any angle we please. And thus from an incredible distance we 
may read the smallest letters, and may number the smallest particles of 
dust and sand, by reason of the greatness of the angle under which we 
may see them; and on the contrary, we may not be able to see the 
greatest bodies close to us, by reason of the smallness of the angle under 
which they may appear ; for distance does not affect this kind of vision, 
except by accident, but the magnitude of the angle does so. And thus a 
boy may appear to be a giant, and a man as big as a mountain, for as 
much as we may see the man under as great an angle as the mountain, and 
as near as we please; and thus a small army may appear a very great.one, 
and though very far off, yet very near to us, and the contrary. ‘Thus also, 
the sun, moon, and stars may be made to descend hither in appearance, 
and to be visible over the heads of our enemies, and many things of the like 
sort, which persons unacquainted with such things would refuse to believe.” * 
The following passage, extracted from the preface, written by Thomas 
Digges, to the second edition of the Pantometria of his father, Leonard 
Digges, would also seem to imply that telescopes were not unknown in’Eng- 
land previous to the seventeenth century ;—“ My father, by his continuell 
painfull practices, assisted by demonstrations mathematical, was able, and 
sundrie times hath, by proportional glasses, duly situate in convenient 
angles, not only discovered things farre off, read letters, numbered pieces 
of money, with the very coyne and superseription thereof, cast by some of 
his freends of purpose upon downs in the open fields, but also seven miles 
off declared what hath been doone in private places.” Some remarkable 
passages to the same effect are to be found in Dee's preface to the edition 
of Euclid, published by him in 1570. : 
There are also two Italian philosophers who deserve to be mentioned 
in connection with the invention of the telescope. Battista Porta, in his 
Magia Naturalis, originally published in 1561, remarks that by.combining 
together convex and concave lenses, objects may be seen enlarged. He 
then proceeds to describe an instrument capable of being constructed upon 
this principle, but his lamguage is so utterly obscure as to defy interpre- 
tation, Again, Antonio de Dominis, Archbishop of Spalatro, in a post- 
humous work entitled De Radiis Visus d&¢c., which was published. in 
1611, traces very clearly the progress of rays in passing through convex 
and concave lenses, and remarks that by placing one of each kind at.a 
certain distance apart, the direct. and refracted rays will not interfere with 
each other. Ife adds that the proper distance between thétwg lenses 
must be found by experiment, and that the effect of their adjustment will 
be to magnify objecis by increasing the angle under which they are seen. 
It is to be borne in mind, that this work was published at a time when 
the invention of the telescope was already notorious throughout Europe. 
Bartolo, the editor of the work, states, however, in the preface, that the 
manuscripts communicated to him by the author had been written twenty 
years previously, and that he received full authority from him to publish 
them with the addition of one or two chapters. ; 
Notwithstanding the plausible statements contained in the various 
passages above cited, there does not exist clear proof that the specula- 
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tions of any of the individuals alluded to, conduced to practical results, 
and therefore we cannot be justified in awarding to either of them the 
honour associated with the invention of the telescope. 

It has long been generally admitted that telescopes were first made in 
Holland, about the beginning of the seventeenth century ; but the question 
with respect to the real author of the invention has, until very recently, 
been involved in much obscurity. Three persons have been generally 
mentioned as possessing distinct claims to this much-contested honour. 
These are, Henry Lipperhey and Zacharias Jansen, spectacle makers in 
the town of Middleburg, and James Metius of Alkmaer, a son of the 
mathematician: of that name, celebrated for having been the first. who 
expressed the relation between the diameter and the circumference of 
a circle by the numbers 113 and 355. 

Descartes, in his treatise on Dioptrics, published in the year 1637, 
thus alludes to the origin of the telescope :—“ It is now about thirty 
years since @ person named James Metius, who never studied at all, 
although his father and brother were both professors of mathematics, but 

“who took pleasure in constructing mirrors and burning glasses, of which 
he had many of various forms in his possession, thought of looking 
through tio lenses, one convex and the other concave. ‘These happened 
on one occasion to be situated at the proper distance for magnifying 
objects, whereupon he applied them to the ends of a tube, and in this 
manner he constructed the first telescope.” ’ 

Schyrlaus de Rheita, the Crpucin friar, gives another account of the 
invention, in a wotk published a few years later*. He states that 
telescopes; were first made by Lipperhey, whom he calls Lippensum, and : 
he refers the date of the invention to the year 1609. Lipperhey, hap- 
pening to place a concave before a convex glass, discovered by accident. 
that the weathercock of a neighbouring church and other objects appeared 
nearer and larger. Having fitted the glasses in a tube, he placed the 
instrument in his shop, and amused his customers by showing them the 
maguified image of the weathercock. The Marquis of Spinola, who was 
then at the Hague, bought the instrument, and presented it to the Arch- 
duke Albert of Austria, by whom the great utility of the invention was 
first made known to the world. 

During the early part of the seventeenth century numerous con- 
flicting accounts circulated throughout Europe relative to the origin of 
the invention, which was in all cases alleged to be due to accident. It 
is singular that so much uncertainty should have prevailed respecting on 
event of so recent a date. In 1655, Pierre Borél, physician to the French 
King, published a’work at the Hague }, professing to contain authentic 
particulars relative to this much-disputed question. He had taken con- 
siderable pains to collect all the evidence which might throw any light 
upon the matter, and he was warmly seconded in this object by William 
Boreel, the Dutch envoy at the Court of France. He searched out five 
individuals who were personally acquainted with the reputed inventors of 
the telescope, and induced them to make public declarations on the sub- 
ject of the invention before the magistrates of Middleburg. The work 
above referred to coutains the details of the examination of those persons, 
together with a letter of William Boreel’s relative to thesame subject. Two 
of the witnesses deposed in favour of Jansen, but they differ in the dates they’ 


518 HISTORY OF PHYSICAL ASTRONOMY. 


assign to the invention, one of them, his son, fixing it in the year 1590; 
while the other witness, his sister, brings it down to 1611 or 1619. The 
other three witnesses declared that Lipperhey was the original inventor, 
one of them asserting that he made telescopes before the year 1605, while 
the other two fix the invention in the year 1609 or 1610. The deposi- 
tions of these persons are so imperfect and contradictory, that little ar no 
reliance can be placed on them. 

The testimony of Boreel is more deserving of attention. He men- 
tions, in his letter, that he knew Zacharias Jansen personally, and. had 
often heard that he and his father were the real inventors of the micro- 
scope. When he was in England, in the year 1619, he saw in the hands 
of Cornelius Drebbel, his friend, the very microscope which had been 
given by them to the Archduke Albert of Austria. Boreel then con- 
tinues :—‘ But long after, in 1610, after much research, these individuals 
invented, in Middleburg, the long sidereal telescope with which we gaze 
at the moon and planets, and presented one of them to Prince Maurice, 
who deemed it prudent to conceal the invention in order to make use.of 
it iu military operations. While rumours were abroad regarding: the 
invention, a stranger came to Middleburg, and having asked for a 
spectacle maker, was shown by mistake into Lipperhey’s shop.. From the: 
questions put by the stranger, Lipperhey, being a shrewd man, was 
enabled to detect the construction of the instrument, and having sue- 


ceeded by this means in making teleseupes, he was generally considered’ 


the real inventor of them. However, the mistake was soon discovered, 
for Drebbel, upon his return to Holland, proceeded with Adrian Metius 
to Jansen’s shop, and purchased telescopes of him.” 

It follows, then, from Boreel’s letter, that Jansen invented, first the 
microscope, and, after the Japse of several years, the telescope. This 
account tends in some degree to reconcile the conflicting’ statements of 
the two witnesses who deposed in favour of that individual: but indeed 
the whole evidence contained in Boreel’s book is of so meagre and un- 
satisfactory a character, as to leave the question relative to the actual 
inventor of the telescope, still open to dispute. 

In the first volume of the “Journal of the Royal Institution,” published 
in 1831, there appeared an interesting communication from Dr. Moll, of 
Utrecht, relating to the invention of the telescope. The materials of this 
paper are due to the researches of Van Swinden, who had, succeeded in 


discovering soine authentic records, which serve to remove much of the ~ 


obscurity that has hitherto prevailed respecting the real author of the 
invention. 

In the library of the University of Leyden there exists, among the 
manuscripts of Huyghens, an original copy of a petition sent te the 
States General by Jacol Audrianzoun, the person whom Descartes calls 
James Metius. This petition is dated October 17, 1608. ‘The object:of 
it is to obtain the exclusive right of selling an instrument he had in- 
vented, by means of which distant bodies appeared larger and more 
distinct. He declares that the idea of the instrument occurred to. him 
accidentally, while he was eugaged in making other experiments ; that-he 


-afterwards bestowed much attention on the subject, and had succeeded so 


far in bringing the invention to maturity, as to make objects appear as 
visible and distinct by his instrument, as could be done with the one which 
had been lately offered to the States by a citizen and spectacle maker of Mid- 
dichurg. Metius was exhorted to bring his instrument to greater perfec- 
tion, when his petition for a privilege would be taken mto consideration. 
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Among the.Acts of the States General preserved in the Government 
Archives at the Hague, Van Swinden found some interesting documents 
relative to the spectacle maker of Middleburg, alluded to in the petition 
of Metius. On the 2nd of October, 1608, the Assembly of the States 
took into consideration the petition of John Lipperhey, spectacle maker, 
a native of Wesel, and an inhabitant of Middleburg, inventor of an’ in- 
strument for seeing at a distance. A committee was appointed to confer 
with Lipperhey, for the purpose of ascertaining whether it might not be 
possible to improve the instrument so as to enable one to look through it 
with both eyes. On the 4th of the same month it was resolved that certain 
of the members should test the instrument of Lipperhey, by observing 
with it: from the turret of Prince Maurice’s mansion. It was further 
resolved, that if the perspective should be found usefal, an engagement 
should be entered into with the inventor, to execute three such instraments 
of rock crystal, and that he should be enjoined not to divulge the invention 
to anybody. On the 6th of the same month, the Assembly agreed to give 
Lipperhey 900 florins for such an instrument, On the 15th of December 
they examined the instrament invented by Lipperhey to see with both 
eyes, and approved of it; but as many others had a knowledge of this 
new invention to see at a distance, they did not deem it expedient to 
grant him an exclusive privilege to execute such instruments. How: 
ever, they gave him orders to execute, for the use of the Government, 
twa other instruments to see with both eyes, allowing him the same 
- remuneration for his services as in the first instance. : 

The evidence afforded by the documents found among the manuscripts 
of Huyghens, restores to James Metius his right to the invention of the 
telescope, which had not been taken notice of in Borel’s book, and was 
PHOUAbIy allowed, in: consequence, to fall into oblivion. It would seem 
also, from the same document, thut the telescopes of Metius could bear a 
comparison in point of efficiency with those constructed about the same 
time by another individual, However, as this statement rests entirely 
upon his own authority, and as he does not appear to have given the 
‘benefit of his invention to the world, we cannot consider his labours to be 
entitled to much consideration. The other documents prove that Lip- 
perhey was in possession of the invention as early as October, 1608, 
and therefore that he could not have been indebted for his views on the 
subject to Jansen, who, according to William Boreel’s letter, succeeded 
in constructing telescopes only in the year 1610. No mention of Jansen 
could be found in any of the State Records, and as his right to the 
original invention of the telescope is set aside by the authentic documents 
in favour of Lipperhey, there only remains to be claimed for him the 
invention of the microscope, upon the evidence set forth in Borel’s book. 
We may conclude, then, that Lipperhey was the person who originally 
executed telescopes, and also that he was the first who-made them known 
to the world; and, therefore, upon these grounds he possesses a just 
claim to the honour associated with the invention. 

It is quite clear that Lipperhey must have been no common artizan, from 
his adapting his invention so readily to the views of the Assembly of the 
States General. The worthy individuals composing that Assembly were 
by no means satisfied with an instrument that was destined to penetrate 
into the immensity of space, and reveal the existence of unnumbered 
worlds, unless it was so executed as to enable them to see through it with 
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mitted to trial, it was cordially approved of by the Committee of their 

_ Highnesses. It appears, then, that this ingenious individual was the first 
person who executed the binoculus, an instrament the invention of which 
has been usually ascribed to De Rheita. Lipperhey doubtless fell upon 
the construction of the telescope by combining together lenses in various 
ways, a3 we may easily conceive that an optician might be induced to do. 
Attempts have been made to depreciate the merit of the Dutch inventor, 
on the ground that his discovery was made by chance. ‘There exists, 
indeed, no reason to suppose that he was acquainted with the principles, 
whether mathematical or physical, upon which the construction of the 
telescope depends, or that he was indebted to a knowledge of those. prin- 
ciples for the admirable result at which he arrived ; but how few original 
discoveries or inventions, either in the arts or sciences, have been achieved 
by the aid of purely theoretical considerations; and, on the contrary, 
how many have been sugested to their authors by circumstances appa- 
rently unconnected with the object of their researches, and, therefore, to 
a certain extent, fortuitous! Lut, in fact, this cireumstancé of accidental 
discovery is no other than the result of that sagacious observation which 
distinguishes one man from a multitude of others, and enables him. to 
select from the multitude of objects that claim his attention such relations 
as possess a character of generility that renders them subservient in 
extending the conquests of the human mind over ‘the material world. 
Theory sexves to develope priuciples that have been already established by 
induction, end in this manner acts the part of a valuable guide to the 
discovery of derivative truths ; but in attempting to penetrate the secrets 
_of nature, or in devising new combinations of principles with a view to 
the attainment of any specific end, the mind must rely mainly on its own 
innate sagacity. 

Galileo has’ related the circumstances under which he first. became 
acquainted with the invention of the telescope, and has also given an account 
of his early efforts to construct one of thesc instruments. Happening to 
he in Venice in the mouth of May, 1609*, he learned in that city that a 
Belgian had invented « perspective instrument, by means of which dis- 
tant ohjects appeared nearer and larger. This report, which was soon 
confirmed by a letter he received from Paris, excited an intense interest 
in his mind, and upon his return to Padua he began to ponder upon the 
probable mode by which such an effect could be produced, He dis 
covered, upon the very night of his arrival, that the enlargement of the 
object depended upon the doctrine of refraction, and on the following day 
he made his first attempt to execute an instrument upon this principle. 
Having procured a leaden tube, he fitted in one of its extremities a plano- 
convex lens, and in the other a plano-concave one, and, having applied his- 
eye to the concave lens, he was delighted to perceive objects pretty much 
magnified. They appeared to be three times nearer and nine times , 
larger. He immediately gave intimation of his success to his friends: in 
Venice, with whom he had been conversing on the subject the previous 
day. Having succeeded a few days afterwards in making a better in- 
strument, he joyfully procceded to Venice, taking it with him. The 
perspective of the Paduan philosopher soon beeame an object of universal 
admiration in Venice. In order to afford the senators of the republic a 
practical proof of its efficiency, Galileo accompanied them to the more 
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elevated parts of the city, whence, by looking through it, they surveyed 
the various objects of the surrounding landscape with inexpressible sur- 
prise and delight. During the whole period of his residence at Venice, 
which extended to a month, he was besieged from morning to night by 
crowds of the inhabitants, all eager to have a peep through the won- 
derful glass. He had not yet divulged the secret of his invention, but; 
with his wonted liberality, he now communicated it to the public, and, at 
the suggestion of one of his friends, he presented the instrument itself 
to the Doge Leonardi Deodati, who accepted it from him, sitting in full 
council. He accompanied it with a paper, in which he gave an explana- 
tion of its construction, and of the important purposes to which it might 
be, applied. both on land and at sea. ‘The Senate indicated their appre- 
ciation of this navel compliment which Galileo paid to the chief magis- 
trate, by increasing his salary as lecturer in the University of Padua to 1006 
florins, and appointing him to his office for life. 

Galileo's object now was to construct a telescope of superior magnifying 
power. This he found to be a task of very difficult accomplishment, for 
the art of grinding and polishing lenses was then in its infancy. We have 
seen that at his first trial the instrument made objects appear three times 
nearer and nine times larger ; in other words, it amplified three times in 

"linear dimensions, and nine times in superficies. Soon afterwards he made 
another instrument which magnified sixty times in surface; and finally, 
sparing neither application nor expense, he succeeded in executing an in- 
strament,of such excellence as to represent objects almost 1000 times 
larger, and above 80 times nearer, than they appeared to be by the natural 
power of the eye *. 4 

He points out a simple method of determining by experiment the 
magnifying power of the instrument. “ Place,” says he, “ upon a wall at a 
certain distance, two disks, one of which you will observe with the 
telescope aud the other with the naked eye. If the disk seen through 
the telescope appear equal to the external one, the magnifying power 
of the instrument is in the proportion of the two disks. If they do not 
appear equal, the external disk must be enlarged or diminished until this 
result takes place, and then the magnifying power will be, as already 
mentioned, in the proportion of the two disks.” 

Galileo's best telescopes did not magnify more than thirty-two or thirty- 
three times. Provious to the invention of achromatic object-glasses, this 
was the highest magnifying power that was attainable with telescopes of 
the form of construction employed by him and his contemporaries. The 
triumphs of genius are signally illustrated in the multitude of beautiful 
discoveries which Galileo achieved by the aid of his little perspective. 
Whatever claims other individuals ‘may possess to the original invention 
of the telescope, the merit of applying it to the great purposes of phy- 
sical science must be awarded, with acclamation, to the illustrious 
philosopher of Italy. . 

The telescopic discoverie$ ‘of Galileo exercised such a withering 
influence upon the ancient philosophy, that many of its adherents, in the 
height of their mortification, took refuge in absolute incredulity, and, with 
absurd pertinacity, refused to assure themselves, by actual inspection, of 
the reality of the phenomena thus revealed for the first time to mortal 
eyes. “Oh! my dear Kepler,” says Galileo, in one of his letters to that 


* Opere di Galileo, tome ii., pp. 5 ct 267. =: 
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astronomer, “ how I wish that we could have one hearty laugh together! 
Here, at Padua, is the principal professor of philosophy, whom 1 have 
repeatedly and earnestly requested to look at the moon and planets 
through my glass, whick he pertinaciously refuses to do. Why are you 
not here? What shouts of laughter we should have at this glorious 
folly, and to hear the professor of philosophy in Pisa labouring before the 
Grand Duke with logical arguments, as with magical incantations, to 
charm the new planets out of the sky!” 

Galileo can hardly be considered an independent inventor of the 
telescope. Admitting that he obtained no other account ef the Dateh 
invention, than that a spectacle maker had succeeded ‘in executing 
a perspective instrument by moans of which distant objects appeared 
nearer, still the fact of his having received such a hint deprives his 
labours in a great degree of the character of originality. When once a 
problem is known to be resolvable, thé difficulties which it involves may then 
be overcome with comparative easc by a strong concentration of the mental 
powers upon it. ut, in justice to the original inventor, and the country 
which gave him birth, it is but right to mention, that more than ‘one of 
the Dutch instruments had found their way into Italy about the time 
when Galileo was led to construct his first telescope. Sirturus, writing 
in 1618, makes the following statement :— A Frenchman proceeded to 
Milan in the month of May, 1609, and offered a telescope for sale to the 
Count di Puentes.”* Again, in a letter from Padua, dated August 31, 
1609, Lorenzo Pignoria announces to Paolo Gualdo that Galileo had 
been appointed lecturer at Padua for life on account of a perspective, 
like the one which was sent from Flanders to Cardinal Borghese. “We 
have seen some here,” adds the writer, “and truly they succeed well.” + 

We dismiss, as an unfounded calumny, the assertion of Fuccarius, that 
Galileo had actually seen one of the Dutch telescopes, nor can we even 
admit, in the face of Lis own words to the contrary t, that he received 
any hint relative to’ the peculiarity of their construction; but the noto- 
riety of the invention, as confirmed by the preceding extracts, could not 
fail to have operated us a powerful incentive to his efforts, 

* Some writers have been disposed to think that the Dutch telescope was 
constructed upon a different principle from Galileo's instrument. Pro- 
ceeding upon the tradition of its having been originally exhibited as an 
amusing toy, by producing an inverted image of a weathereock, they 
have henee inferred that it was composed of two convex lenses, like the 
modern astronomical telescope. ‘This conclusion, if true, would certainly 
go far to enhance Galileo's merit, but it rests on so narrow a foundation 
as to be totally inadmissible, being suggested solely by the vague tradition 
just mentioned. On the other hand, Descartes and De Rheita positively 





* Sirturus de Teleseopio, Franc., 1618. 

+ “Di nuovo non abbiamo altro se non Ia reincidenza di S. Serenita, e ricondottf di 
Lettori, fra’ quali il Sig. Galileo ha buseato 1000 fiorini in vita, e si dice col benefizio 
dun occhiale simile a quello, che di Viandra fu mandato ql Card. Borghese. Se ne 
sono veduti di qua. e veramente fanno buona riuscita."—(Lettere d'Uomini Mlustri, 
p. 112, Venez., 1744. 

+ The following are the terms in which he alludes to the information he reeeived 
respecting the Dutch invention on the occasion of his yisit to Venice, as mentioned in 
the text: —« Giunsero nuove, che al Sig. Conte Maurizio era stato presentato da un 
Olandese un occhiale, col quale le cose lontane si yedevano cosi perfettamente, come 
se fussero state molto vicine, x2 pid fu aggiunto.” (Opere di Gal. Edit. Pad., 1744, 
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assert that the Dutch instrument was formed by a combination of a convex 
with a concave lens. The account of the invention as given by the latter 
of these two writers is the more worthy of confidenee, inasmuch as he 
associates it with the story of the weathercock, but, of course, makes no 
allusion to an inverted image. Again, we find Lorenzo Pignoria writing 
to his friend, that Galileo had received a thousand florins annually for 
life, on account of a perspective like the one which had been sent from 
Flanders; but it is very obvious that if the Dutch telescopes had ex+ 
hibited objects inverted, he would have expressed himself in different 
language. 
The Dutch telescopes were, doubtless, much less powerful than those 
of Galileo, but this is not to be wondered at, when we consider the con- 
. summaete skill of the latter in matters relating to practical science, and 
the remarkable success which generally attended his experimental efforts. 
Still, we are by no means disposed to believe that they were such mean 
productions of art as they have been frequently represented to be. We 
have seen that the States General agreed to give 90U florins to Lipperhey 
for his instrument. ‘Ihe amount of remuneration tends to impress’ us 
With a favourable opinion of the instrument given in exchange, for, as 
Dr. Moll justly remarks, the Dutch people cannot be charged with a 
readiness to throw away their money upon a trifling toy, which possessed 
no other claim to recommendation than its novelty. It is true that the 
inventor was prohibited from making any telescopes except those ordered 
by the States General, and the latter would naturally consider themselves 
bound, on this account, to remumerate him more liberally for his labours 
than they would otherwise feel disposed to do. ‘This prohibition, however, 
tends to contirm our belief of the value they set upon his telescopes. 
They refused him an exclusive privilege to make and sell them, on the 
alleged grounds that others were already in possession of the invention, 
bat they reasonably believed that the instruments of the inventor would 
be superior to any others constructed, and they accordingly resolved to 
secure to themselves the monopoly of his skill. That the invention had - 
already transpired, and that a restriction, such as we have mentioned, had 
been imposed upon the inventor, is clearly proved by the following: ex- 
tract from the correspondence of the celebrated president, Jeannin, who 
had been sent to Holland by his sovereign, Henry 1V., to negotiate a 
truce between Spain and the States General. On the 28th of December, 
1608, only a few days after the States General had refused the object. of 
Lipperhey’s petition, Jeannin thus writes to Henry's minister, the famous 
Sully:— The bearer of this letter is a soldicr from Sedan, who belongs 
to the Prince's company, and who is held very ingenious ‘in many inven- 
tions and artifices of war. He has also made, a few days ago, an instru. 
ment, in imitation of that which has been made by 2 spectacle maker of 
Middleburg, to see at a distance. He will show it to you, and make you 
some for your sight; I requested the original inventor to make me two, 
one for the king, and one for you; but-the States prohibited him from 
making any but for themselves. They have, however, given orders to 
execute some for me, that I may send them to you, whieh I will not fail 
to do as soon as I receive them.”* It is quite clear, from the foregoing 
passage, that the States General contemplated making use of the instru- 
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ment of Lipperhey in military reconnaissances ; and their formal approval 
of it already referred to, when taken in connexion with this circumstance, 
implies that it’ possessed a considerable magnifying power. 

We have seen how quickly the Dutch telescopes passed into Franco 
end Italy. If we are to believe the German astronomer, Simon Marius, 
he commenced astronomical observations in the year 1609, with a telescope 
which he procured from Holland. Telescopes were also imported into 
England soon after their invention. The late Professor Rigaud found, by 
an inspection of the manuscripts of Hartiot, the celebrated mathema- 
tician, that even as early[as July, 1609, he had been making:observations 
of celestial phenomena with one of these instruments. This fact tends 
very much to disprove the assertion that the telescopes originally made in 
Holland were totally unfit for scientific purposes, for it cau hardly be 
doubted that the one which Harriot used was obtained from that country. 
On the 6th of July, 1610, Sir Christopher Heyden thus waites to 
Camden, the famous antiquerian:—‘ I have read Galileus, and, to be 
short, do concur with him in opinion, for his reasons are demonstrative; 
and, of my own experience, with one of our ordinary trunks I have told 
eleven stars in the Pleiades, whereas no age ever remembers above seven, 
and one of thei, as Virgil testifieth, not always to be seen.”* ‘There 
can be no doubt that the expression—* one of our ordinary trunks "— 
refers to the Dutch telescopes which were in common use in England, as 
distinguished from the superior telescopes of Galileo recently imported 
from Italy. : 

In a letter dated Tra'venti_ in, Caermarthenshire, Feb. 6, 1610, Sir 
William Lower thus writes to Harriot :—‘ I have received the perspective 
cylinder that you promised me, and am sorrie that my man gave you not 
more warning, that I might have also the two. or three more that you” 
mentioned to chuse for me. Henceforward he shall have orders to attend 
you better, and to defray the charge of this and others, for he confesseth 
to roe that he forgot to pay the workman. 

“ According as you wished, I have observed the moone in all his changes, 
In the new manifestlic I discover the earthshine a little before the di- 
chotomie; that spot which represents unto me the man in the moone 
{but without a head) is first to be seene. A little after, neare the brimme of 
the gibbous parts towards the upper corner appeare luminous parts like 
starres ; much brighter than the rest; and the whole brimme along looks like 
unto the description of coasts in the Dutch books of voyages. In the full 
she appeares like a tart that my cooke made me last weeke ; here a vaine of 
bright stuffe, and there of darke, and so confusedlie all over. I must 
eonfesse I can see none of this without my cylinder; yet an ingenious 
younge man that accompanies me here often, and loves you, and these 
studies much, secs manic of these things, even without the helpe of the 
instrument, but with it sees them most plainlie—I mean the young Mr. 
Protheroe.” * 

We have deemed it proper to dwell at some length upon the early 
history of the Dutch telescopes, because those instruments have been 
thrown inté unmerited oblivion by the splendour of Galileo's discoveries. 
We cannot reasonably avoid the conclusion, when the subject is taken - 
into complete consideration, that, even although the last-mentioned philo- 
sopher had never lived, the Dutch telescopes would have been gradually 


* Semnnlement to Bradlev’s Miscellaneous Works. pn. 27. + Ibid. np. 42. 
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perfected in their construction, and would have been eventually applied 
with success to the great purposes of physical science. The merits of 
the original inventor of the telescope cannot affect the reputation of 
the illustrious Italian, who owed his brilliant discoveries in celestial 
physics much less to his good fortune in executing a telescope, than to his 
sagacity as an interpreter of nature. : 

Kepler first explained the construction of the telescope formed by.a 
combination of two convex lenses, in his treatise on Dioptries, which was 
published in 1611.. Possessing no aptitude for observation, however, he 
did not attempt to reduce his ideas to practice. Scheiner appears to have 
been the firs€ person who actually exccuted a telescope upon the principle 
suggested by Kepler. In his Rosa Ursina, which was published in 1680, 
he states that, thirteen years previously, he made observations in the 
presence of the Archduke Maximilian, with a telescope composed of two 
convex lenses. The Galilean telescope, however, still continued to be pre- 
ferred; on account of the superior distinctness of the image which it formed. 

The first person who appears to have discovered the peculiar value of 
the telescope recommended by Kepler, and who applied it to the purposes 
of astronomical observation, was Gascoigne. ‘This -highly-gifted young 
man did not fail to perceive that it possessed an immense advantage over 
the Galilean telescope, in affording a situation within the tube where any 
object being placed might be viewed as distinctly as a celestial object. 
This circumstance suggested to his inventive mind the use of telescopic 
sights in astronomical observations, and the application of the micrometer 
to the telescope. The micrometrical measures of that astronomer, pre- 
served by Flamstecd in the first volume of the Historia Celestis, may be 
considered as the earliest collection of facts that have been established 
by the use of the Keplerian telescope. In this respect they possess an 
interest analogous to that associated with the early discoveries of Galileo 
relative to the physical constitution of the celestial bodies. 

It was not until about the middle of the seventeenth century, that tele- 
scopes composed of two convex lenses came to be generally employed in 


astronomical observations. The use of such telescopes, however, was ~ 


then suggested, not on account of the advantage which Gascoigne found 
“them to possess, but because they afforded a much larger field of view. 
than could be obtained by means of the Galilean telescope. The first 
person who distinguished himsclf by his labours in connexion with the 
Keplerian, or astronomical, telescope was Huyghens. ‘This distinguished 


philosopher attained great excellence in the grinding and polishing of* 


lenses, and succeeded in constructing: telescopes far superior to any 
hitherto executed. In the year 1655 he discovered a satellite revolving 
yound Saturn in. sixteen days, by the aid of a telescope 12 feet long, 
and by prosecuting observations of the planet with the same instrument, 
he. was shortly afterwards enabled to establish the real nature of the 
appendage with which it is furnished. 

As the definition of objects was very imperfect in telescopes of this 
construction, it was found to be indispensable in every instance wherein 
a high magnifying power was required, to increase the focal length of the 
object-glass to an immense extent. Huyghens states that he and his 
brother made object-glasses of 170 and 210 feet focal length! These 
glasses were used without tubes. Huyghens devised mechanical combi- 
nations of great ingenuity, by means of which they could be directed with 
facility towards any object in the visible heavens. From the circumstance 
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of their being used without tubes, these contrivances were termed aérial 
telescopes. Hluyghens presented one having a focal length of 128 feet to 
the Royal Society of London. This philosopher effected a capital im- 
provement ia the construction of telescopes by the invention of an eye- 
piece consisting of a combination of lenses which, by their respective 
refractions, served to correct the effects of spherical aberration. 

While Huyghens was engaged in these labours, the art of executing 
telescopes was attaining a high ‘degree of excellence-in Italy. Eustachio 
Divini at Rome, and Campani at Bologna, more especially signalised 
themselves in this department of practical optics. It was with telescopes 
executed by the latter that Cassini made the multitude of intéresting dis- 
coveries in the heavens which have rendered the name of that astronomer 
so deservedly celebrated. The object-glasses had, in some instances, 
focal lengths of 90, and even 130, feet. Cassini was enabled, like Huy- 

“ghens, to make use of such glasses without tubes. , 

Telescopes of great length were constructed in most other countries of 
Burope during the seventeenth century, especially in Franceand England. 
Auzout is said to have made a telescope of 300 feet focal length. It does 
not appear, however, that he actuuly employed’ such an instrament in 
astrdnomical observations. In England the construction of telescopes 
seems to have attained considerable perfection at a comparatively early 
period. Among the instruments with which the observatory of Copenhagen 
was furnished, on the occasion of its original establishment in 1656, was a 
telescope magnifying 100 times, which Longomontanus brought with him 
from England in the year 1642. ‘The telescopes of Sir Paul Neile, as well 
as those of Reeves and Cox, are said to have been equal to the best tele- 
scopes executed at the same time in any country of Europe. It speaks 
very much in favour of the English telescopes made during the latter 
part of the seventeenth century, that with one of such instruments, of 88 
feet focal length, William Ball of Mainhead, in Devonshire, having ob- 
served Saturn on the 13th October, 1665, perceived that the ring around 
the planet was double *. This observation was made ten years before 
Cassini remarked a similar appearance on the ring. It appears that 
Bradley occasionally employed telescopes of great length, in the early part 
of his career. On the 27th of December, 1722, while he was residing 
at Wanstead with Pound, his uncle, he measured the diameter of Venus 
with a telescope, or rather object-glass, of 212} feet focal length }. 

Notwithstanding the vast amount of labour and skill bestowed upon 
the construction of refracting telescopes, it was still found that the images 
formed in these instruments were by no means so well defined as was 
necessary for delicate observations. This circumstance was attributed to 
the spherical aberration of the lenses, but, although the indistinctness no 
doubt partly arose from that cause, it was mainly due to the influence of 
a physical principle which had not yet heen discovered. When, to the 
imperfect formation of the image, the inconvenience attending the use of 
telescopes of enormous focal length was taken into account, it obviously | 
became desirable to devise a different mode of construction. In 1668, 
James Gregory published his Optica Promota, in which he explained the 
construction of the reflecting telescope which has since been called by his 
name. He proposed -that the rays of light from a remote object should 
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he received by a concave parabolic speculum, and, after forming by re- 
flexion an image of the object at the focus, should hence diverge and fall 
upon a smaller concave speculum of an elliptic figure having the same 
focus as the larger one. The rays would now be reflected by the elliptic 
speculum, so as to form a second image of the object near ‘the anterior 
surface of the larger, or parabolic, speculum ; and this image might finally 
be'viewed by the observer through an eye-lens placed behind the latter 
speculum, which was to be perforated for that purpose, Gregory expected 
that, by substituting the principle of the reflexion of light for that of re- 
fraction, so as to get rid of the effect of spherical aberration, the image 
of the object would be rendered much more distinct. When he was in 
Tuondon, about the year 1664, he employed an optician to execute a tele- 
scope for him according to the above design, but the attempt to give 
a true parabolic figure to the larger speculum proved a failure; and, 
although he subsequently tried to effect the same object by means of a 
spherical speculum, yet, in this instance also, the result was so unsatise 
factory that he seems to have been discouraged from prosecuting the matter 
further: 

It. appears that, before the publication of the Optica Promota, Mer- 
senne had already suggested the idea of a reflecting telescope. This 
he did originally in a letter to Descartes written about the year 1689 », 
and, afterwards, in his Catoptrics, which was published in 165]. Descartes 
offered several objections to Mersenne’s proposal, and no attempt was 
made to carry it into effect. It has been said, by Fontenelle, that Father 
Zucei was acquainted with the reflecting telescope as early as 1618, 
Indeed, Montucla has justly remarked, that as soon as it was known that 
the image of an object might be formed in the focus of a concave mirror, 
the idea of applying the principle of reflexion to the construction of tele- 
Scopes (after the invention of refracting telescopes) was a very obvious 
suggestion. It is impossible to ascertain whether Gregory was indebted 
to any previous writer for the hint of the reflecting telescope, or not; but, 
at any rate, it must be allowed that he was the first person who gave a 
complete explanation of the construction of such a telescope. Moreover, 
he has the merit of having suggested a form of the instrument which has 
been in use ever since, and which, as far as ordinary purposes are con- 
cerned, has been found more convenient in practice than any other that 
has subsequently been devised. ; 

The first person who actually executed a reflecting telescope was New- 
ton. As soon as that philosopher discovered the unequal refrangibility of 
light, about the year 1666, it occurred to him that any further improve- 
ment of the refracting telescope was impossible, and he was led, in con- 
Sequence, to consider ‘the application of the principle of reflexion to the 
same object. Finding that for the different rays of the prism, the angle 
of reflexion was in each case equal to the angle of incidence, he per- 
ceived that, by means of this property of light, optical instruments might 
be brought to any degree of perfection, provided a substance could be 
found which reflected a sufficient quantity of light, while at the same time 
it was capable of being highly polished, and of receiving a true parabotic 
figure. But the difficulties which stood in the way of accomplishing the 
fulfilment of these conditions, were very great ; nay, they almost seemed 
to him to be insuperable, when he recollected, that every irregularity in a 
reflecting surface would make the rays deviate five or six times more out 
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of their due course than in a refracting telescope *. While his mind was 
occupied with these reflections, he was compelled, by the prevalence of 
the plague, to quit Cambridge, and more than two years elapsed before he 
again turned his attention to the subject. Having now reflected upon the 
construction of Gregory's instrument, he came to the conclusion that it 
would be preferable to place the eye-glass in the middle of the tube. Ac- 
cordingly, having succeeded, after much trouble, in discovering a substance . 
that was adapted for the formation of the larger speculum, and having also 
devised a delicate mode of polishing the surface, he actually executed a tele- 
scope upon this principle. He wisely abstained from attempting to make 
the speculum truly parabolic, on account of the extreme difficulty of the 
operation, contenting himself with giving it the figure of a segment of a 
sphere. With this instrument he could sec the satellites of Jupiter and the 
horns of Vehus; but the latter were not very distinct, nor could they be 
perceived at all without some nicety of adjustment. Encouraged by the 
success of his efforts, he made a second telescope, which proved to be 
still better than the former one. The focal length of the speculum.was 
6} inches, and that of the cye-glass (which was a plano-convex lens, with 
the flat side turned towards the eye) was 3th of an inch; the magdifying 
power of the-instrument was therefore 38, 

In the month of December, 1671, Newton transmitted to London the 
secon reflecting telescope executed by him, in order that it might be 
submitted to the inspection of the Royal Society. At the meeting of the 
Society, held on tho 11th of January, 1672, it was announced that Mr. 
Newton's instrament had been cxamined by the President, Sir Robert. 
Moray, Sir Paul Neile, Dr. Wren, and Mr. Hooke, and that it had re- 
ecived their unanimous commendation. The Society at the same time 
resolved, that in order to secure the right of the inventor, a description of 
the instrument should be sent to Huyghens, who was then residing at 
Paris}. Huyghens communicated an acgount of it to the Academy of 
Sciences, and in consequence it soon became generally known upon the 
Continent *. 





» Phil. Tran., 1672, p. 3080. “ 

+ Birch, Hist, Roy. Soc., vol. iii. p. 1. The same telescope was afterwards presented 
tothe Royal Society, This interesting relie of the immortal philosopher is still to be 
geen at the apartments of the Society in Somerset House. Sa mot 

+ Huyghens addressed a letter to the Academy of Sciences, in which he gives a de- 
scription of Newton’s reflecting telescope, and enumerates its peculiar advantages. The 
following passage, extracted from this letter, is worthy of notice.—“Je compte pour un 
troisigme avantage, que par la réflexion du miroir de métal, i ne se perd point de rayons, 
comme aux verres qui en réfléchissent une quantité notable, par echacune de leurs sur- 
faces, et en interceptent encore une partie par l'obscurité de leur matiére."—( Afém. 

_ Acad. des Sciences, tome x., p. 506.) M. Arago cites this passage as a proof that 
Huyghens was not aware of any light being lost in the course of its reflexion from a 
metallic surface, and he naturally expresses his astonishment that the Dutch philosopher 
should have been unacquainted with so obvious a principle of physics. (Annuaire, 1842, p. 
293.) It would appear, however, from the following passage of a letter addressed by 
Huyghens to the Royal Society in answer to their communication respecting Newton’s 
teleseope, that the case cannot be made out so clearly against him :—* Again, by the 
meer reflexion of the metallic speculum, there are not so many rays lost as in glasses, 
which reflect a considerable quantity by each of their surfaces, and besides intercept many 
of them by the obscurity of their matter.”—-(Phil, Trans., 1672, p. 4008.) Whether 
Huyghens had corrected his mistake in the latter of the two passages just cited, or 
whether his views on the subject have been misrepresented in one or other of the two pas- 
sages, we leave our readers to decide. The communication inserted in the Memoirs of 
the Academy of Sciences, bears no date. The letter to the Royal Society is dated Feb. 
13, 1672. + 
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Tn 1672 Cassegrain, a Frenchman, devised a new form of the reflect- 
ing telescope. It differed from the Gregorian telescope in the small mirror 
being convew, and in its being placed so ag to intercept the rays before 
they came to a focus. This télescope is more convenient than the Gre- 
gorian, inastnuch as it is shorter, ceteris paribus, by twice the focal length 
of the small mirror. Ramsden remarked, that the effect of spherical 
aberration was also less than in the Gregorian telescope *, and more 
recently, Captain Kater shewed, by a series of experiments, that it was 
greatly superior in point of light and distinctness to any telescope of the 
latter construction, possessing an equal aperture +. Notwithstan ling these 
alloged advantages, this form of the reflecting telescopé has been com- 
paratively seldom used since its invention. As has been already hinted 
at, the Newtonian telescope exhibits objects not in their true direction, 
but at right angles to it. Hooke was the first person who executed a 
telescope, the observations with which were made by viewing the object 
directly. This he effected in 1674, by perforating the centre of the larger 
speculum agreeably to the suggestion of Gregory t. 

Although both Newton and Hooke shewed that the construction of 
reflectifg telescopes was perfectly practicable, it does not seem that for a 
long time any further attempts were made to execute such instruments ; 
at all events no progress was made in bringing them to perfection, The 
lirst person who succeeded in accomplishing this object was Hadley, the 
individual whom we have had occasion to allude to, as one of the inde- 
pendent inventors of the reflecting octant. In 1723 he presented to the 
Royal Society a reflecting telescope of the Newtonian form, which he 


“executed with his own hands. " The diameter of the speculum was 


6 inches, and its focal length was 5 fect 8 inches. Pound and Bradley, 
having compared it with the refractin telescope of 128 feet focal 
length, which Huyghens had presented to the Society, found that it 
bore as high a magnifying power as that instrument, and exhibited ob- 
jects equally distinct though not quite so bright. Notwithstanding its in- 
feriority in the latter respect, they were enabled to perceive with it all 
the phenomena which they had hitherto discovered with the Huygenian 
telescope, such as the transits of Jupiter's satellites ; their shadows upon 
the disk of the planet; the black list on Saturn's ring; and the edge _, 
of his shadow upon the ring. On several occasions they succeeded in * 
sceing with it the five satellites of Saturn §. Reflecting telescopes 
were executed by Hawksbec, about the time that Hadley was prosecuting 
his labours with such success. This individual made a telescope of 
32 feet focal length, which proved to be even more perfect than any of 
Hadley’s. About the same time Bradley and Molyneux, having been 
instructed by Hadley in the grinding and polishing of metallic specula, 
began to turn their attention to the construction of reflecting tele- 
scopes. After much trouble, they finally succeeded in executing several 
telescopes of considerable magnitude. One of these had a focal length 
8 feet. 

Hitherto the execution of reflecting telescopes was confined exclusively 
to persons engaged in scientific pursuits, whence it may naturally be 
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* Phil, Trans, 1779, p, 427. 

+ Phil. Trans, 1818, p. 206; 1814, p- 231, 
 Bireh, Hist. Roy. Soc., vol. iii., p, 122. 
& Phil. Trans., 1723, p. 382. 
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presumed that the number of such instruments actually made continued 
to be very limited. Molyneux, however, having acquainted Scarlett and 
Hearne, two London opticians, with the mode of grinding and polishing 
specula, these individuals commenced making reflecting telescopes for 
sale; and, in consequence, this class of instruments soon afterwards camo 
into general use *. 

The next person who distinguished himself by his skill in the con- 
struction of reflecting telescopes, was James Short, of Edinburgh. In 
1732, when he was only twenty-two yeats of age, this individual turned 
his attention to the polishing of specula, in which be soon attained an 
unrivalled degree of excellence. He also discovered a method of giving 
them a true parabolic figure, which had not hitherto been done by any 
person. In his first attempts he confined himself to glass specula, which 
wete made to reflect the light by covering them behind with quicksilver, 
James Gregory had recommended the use of glass for reflectors, on the 
ground of its absorbing less light than: metal, and being at. the. samo 
time less liable to tarnish. With one of Short’s glass reflectors, which ~ 
had a focal length of only 15 inches, Maclaurin asserts that it was pos- 
sible to read in the Philosophical Transactions at a distance of 280 feet }. 
Finding that in such telescopes the light was fainter than in those in 
which the speculum was composed of metal, Short abandoned the use of 
glass, and confined himself in future to metallic reflectors. The tele- 
scopes of the latter description made by him appear to have been exqui- 
site specimens of skill. Maclaurin states, that having compared some of 
them with instruments of mach greater focal length, made by London | 
artists, he found the former to be far superior in respect of brightness, 
distinctness, and magnifying power. With a metallic reflecting telescope 
of Short’s, which had a focal length of only 15 inches, it was possible to 
read distinctly in the Philosophical Transactions at a distance of 500 feet, 
and to see the five satellites of Saturn all at the same time. In 1742 
Short removed to London, where he continued to prosecute his former 
yocation with great success till his death, in 1768. One of the last 
instruments executed by him was a large reflecting telescope, which his 
brother Thomas mounted ‘equatorially for the observatory of Fidinburgh, 
and for which he was offered 1200 guineas by the King of Denmark, 
The telescopes of Short were all of the Gregorian construction. 

It has beon already mentioned, that as soon as Newton discovered the 


* Smith’s Optics, Book IIL. chap. 1. 

+ Newton in his Optics (1704) states that, about five or six years previously, he tried 
to make a reflecting telescope 4 feet in length, that would magnify 150 times, the 
speculum of which was of glass, and that he satisfied himself that there wanted nothing 
but a good artist to bring the design to perfection. He recommends glass specula in 
preference to metal, as being more easily polished, less liable to tarnish, and at the same 
time capable of refiecting more light. ( Optics, part i. prop. vii.) Smith has inferred 
from the passages of Newton’s work just cited that “the method of making reflecting 
telescopes with glass speculums, quicksilvered over,” was first recommended by that phi- 
losopher. (System of Optics, Remarks, No. 489.) This, however, is a mistake. The 
pence who first recommended glass specula for telescopes, was James Gregory, as has 

* been mentioned in the text. Gregory made this suggestion in a letter to Collins, dated 
St. Andrew's, March 7, 1673, pointing out at the same time the peculiar advantages of 
glass specula, and requesting that his views on the subject might be communicated to 
Newton. The letter of Gregory was read at the meeting of the Royal Society, held 
on the 26th of March, 1673, and it was ordered, that it should be communicated to . 
Newton as the person most concerned in it. (Birch, Hist. Roy. Soc., vol. iii., p. 79.) 

{ Smith’s Optics (Remarks, No. 489). 
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unequal refrangibility of light, he perceived that the existence of that 
principle offered a serious obstacle to any further improvement of the 
refracting telescope. ‘his great philosopher did not fail to make expe- 
Timents on the passage of a ray of light through several contiguous media, 
in order to’ascertain whether the different refractions might not correct 
each other, so that the emergent ray, while deflected from its original course, 
might still be free of colour. The results of his labours on this occasion 
served, however, to convince him that no such compensation could be 
effected. He found, in fact, that when the ray emerged in a direction 
parallel to its original course, it was invariably white; bat when it 
emerged obliquely with respect to the direction of incidence, it became 
gradually tinged with different colours in passing from the place of emer- 
gence *. Having satisfied himself in this manner that no combination 
of substances could be devised which would be capable of refracting the. 
rays of light go as to produce a colourless image of an object, he seoms to 
have despaired of improving the refracting telescope by any other means 
than that of inereasing the focal length of the object-glass. 

It was reserved for Dollond + to shew that the views which guided 
Newton in arriving at this conclusion were erroneous, and to apply the 
true principle of physies to the construction of refracting telescopes free 
of colour. This highly-gifted individual, although moving in a humble 
sphere of life, had devoted much attention to mathematical and physical 
pursuits. He seems to have been originally led to consider the subject of 
the dispersion of light by the researches of Muler. In 1747 that distin- 

. Guished mathematician communicated a memoir to the Berlin Academy of 
Sciences, in which he attempted to shew that, bya combination of different 
substances, it would be possible to construct object-glasses for telescopes, 
in which the effects arising both from spherical aberration and the unequal 
refrangibility of light would be completely corrected. Te remarked that 
the diffevent humours of the human eye refracted the rays of light, so as 
to produce a perfectly-distinct image of an olject. and he argued by ana~ 
logy, that a similar’ effect would be produced by the object-glass of a 
telescope, provided a suitable combination of substances was employed in 
its construction, Proceeding upon a certain hypothetic law of the dis- 
persion of light, he accordingly devised a combination of hollow spherical 
lenses, enclosing water within their concaye surfaces, which, he asserted, 


* Optics, Book II. Part I. Exper, viii. Newton states that he made this experiment 
with a prism glass and one of water, so adapting the two prisms that they refracted the light 
egcally in opposite directions. In such a case, although the rays of light emerged paral- 
lel to the direction of incidence, they ought also to have been coloured, as Dollond, upon 
repeating the experiment in the following century, actually found them to be; but New. 
ton asserts that he found the emergent rays to be white. “Sir David Brewster states that 
the mistake of Newton arose from his having mixed a little « gar of lead with the water, 
in order to increase its refractive power, and that the high dispersive power of the ingre- 
dient caused the residuum of Uncorrected colour to disappear (Life of Newton, p. 58), 
The same statement is made by Sir John Herschel, in his Treat se on Light, in the 
Encyclopedia Metropolitana. ‘Neither of the two distinguished philosophers just cited 
has acquainted his readers with the source whence this explanation of Newton's mistake 
has been derived. Newton himself makes no mention of his having added any ingre- 
dient to the water in the part of his work above referred to, where he alludes to the 
experiment. 

¢ John Dollond was born at Spitatfields, in London, in the year 1706. He was de+ 
scended from French ancestors, who were compelled to quit Normandy upon the revo- 
cation of the edict of Nantes, by Louis XIV. In early life he worked at the loom, but 
in 1752 he joined his son as an optician. He died in 1761, having been struck with 
apoplexy, while engaged in an intense study of Clairaut’s Theory of the Moon. 

MN 2 
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Although Dollond is entitled to the credit of having executed achro- 
matic telescopes by the aid of his own researches on the dispersion of 
light, there is reason to believe that he was not the first individual who 
accomplished that object. It appears, in fact, that as early as the year 
1729, Chester More Hall, a gentleman residing in Essex, having reflected 
upon the circumstance that the different humours of the eye 80 refract 
the rays of light as to produce images free of colour, was led to consider 
the possibility of combining together different substances, so as to form 
object-glasses for:telescopes which would produce a similar effect. After 
devoting some time to the enquiry, he found that by combining together 
different kinds of glass, the effect of the unequal refrangibility of light 
was corrected; and, in 1738, he succeeded in executing telescopes which 
exhibited objects quite free of colour. One of these instruments, although 
its focal Yength was no more than 20 inches, bore an aperture of 24 

‘inches. More, who was living in independent circumstances, and who 
appears to have been nowise anxious about his reputation, did not take 
any trouble in communicating his invention to the world*. It has been 

-- insinuated that Dollond had seen one of More’s telescopes, and that he 

.. Was indebted to this circumstance for hig construction of the achromatie 
object-glass; but the statement does not rest upon any solid foundation, 
and therefore it can only be regarded as an unfounded calumny, : 

The achromatic telestopes of Dollond soon became known throughout 
the whole civilised world, and were universally adopted by astronomers as 
affording an incontestable advantage over the ancient refracting telescopes. 
In one respect, however, they Jaboured under a defect which very much 

" restricted the range of their efficiency. This consisted in the impossibi- 
lity of obtaining pieces of pure flint-glass of sufficient magnitude to serve 
for telescopes of large aperture. It happened, from this circumstance, that 
no astronomical discoveries of importance resulted from the invention of 
the achromatic telescope. Huyghens and Cassini, by their combined ex- 
ertions in the preceding century, seemed to have so thoroughl y serutinized 
the celestial regions, as to leave little or nothing to be gleaned by their 
successors, until instruments should be constructed capable of penetrating 
still farther into the bosom of space. This remark is applicable to re- 
flecting as well as refracting telescopes; for it is to be borne in mind, that 
not a single discovery had yet been made in the heavens by the use of a 
telescope constructed upon the principle of reflexion. . 

At length the discoveries of Herschel introduced a new eva in the history 
of celestial physics. This highly-gifted individual, while occupying the 
humble situation of organist of the Octagon Chapel, Bath, to which he was 
appointed in the year 1766, was in the habit of devoting his leisure hours 
to the study of mathematics, and various branches of physical science, 
more especially optics and astronomy. Happening, on one occasion, to 
obtain the temporary use of a 2-feet Gregorian reflector, he was so 
transported with the celestial wonders which it revealed to him, that he 
conceived a passionate desire to procu:e a similar instrument for himself, 
and he instructed a friend in London to purchase one for him. The price 


* This account is taken from the Gentleman's Magazine for 1790, Part II, p. 890, 
"The author states, that in a trial at Westminster Hall, about the patent for making achro- 
matic telescopes, Mr. Hall was allowed to be the inventor; but Lord Mansfield ob- 
served, that “it was not the person who locked his invention in his scrutoire that 
ought to profit for such invention, but he who brought it forth for the benefit of the 
public.” 
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demanded by the optician proving too great for his slender means, he re- 
solved, with the true instinct of genius, to rely upon his own personal 
resources for attaining the object of his wish; and after a course of perse- 
vering efforts, he at length, in the year 1774, enjoyed the satisfaction of 
surveying the heavens with a 5-feet Newtonian reflector, which he con- 
stracted with his own hands. This was speedily followed by other 
reflectors of 7-feet, 10-feet, and even 20-feet focal length, all of which 
were exquisite specimens of artistic skill. 

Armed with such powerful instruments, Herschel new procesded to 
explore the heavens with all the enthusiasm which genius, stimulated by 
success, is capable of inspiring. He soon convineed astronomers that he 

. Was no ordinary amateur, who had betaken himself to the observation of 
celestial phenomena, by the high magnifying powers which he employed, 
amounting to 2000, 8000, and even in some instances to 6500. These 
numbers far surpassed the magnifying powers hitherto employed in tele- 
scopic observations. In 1781 his perseverance was rewarded by the dis~ 
covery of the planet Uranus. Soon afterwards, George III. having bestowed 
upon hint a liberat pension, he abandoned his original vocation, and hence- 
forth devoted himself exclusively to astronomical pursuits. Having re- 
moved from Bath, he established himself first at Datchet, in the neighbour, 
hood of Windsor, and subsequently at Slough, where he continued during 
the remainder of his life to prosecute a career of astronomical discovery, 
which has few parallels in any age or country. The telescopes which . 
Herschel employed in the early part of his astronomical observations, 
were all of the Newtonian construction. In 1786, however, he-laid aside ~ 
the small mirror, and adopted the form of construction which he dis- 
tinguished by the appellation of the front view. By giving a slight incli- 
nation to the speculum, so as to thraw the image a little to one side of the 
tube, it was possible to view the latter directly with an eye-glass. By 
‘this contrivance the light usually absorbed by the small mirror was 
saved, and the illumination of the image increased in a corresponding 
degree. ~ In such a telescope it is cbvious that the observer looks at 
the image with his back turned towards the object. Herschél applied 
this form of construction to all the instruments which he subsequently 
employed in his astronomical obscrvations. His discovery of two satel» 
lites around Uranus was a result which speedily followed its adoption. 
Tt is right to mention that a similar form of construction had been already 
proposed by Lemaire, a Frenchman, as early as the year 1782. 

In 1789 Lerschel surpassed all his former efforts as a practieal opti- 
cian by the completion of a telescope of 40-feet focal length and 4-feet 
aperture. ‘This gigantic instrument was no sooner turned towards. the 
heavens than it revealed to him the existence of two satellites around 
Saturn which had hitherto escaped the scrutinies of astronomers. It is 
impossible, within a moderate compass, to give even a simple enumera- 
tion of the multitude of brilliant discoveries in celestial physics which 
rewarded the lubours of this great astronomer. It may be remarked, 
however, that admirable as were the immediate results of his telescopic 
observations, they would have failed to secure to him the exalted place 
which is now universally assigned to him in the history of astronomical dis- 
covery, if he had not at the same time been endowed with a mind of rare ° 
originality and power, combined with a strong turn for speculation. 

For many years efter the invention of the achromatic telescope, the ma- 
nufacture of flint-glass continued to be confined to England, which : 
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country, in consequence, enjoyed an exclusive privilege in the construc- 
tion of instruments of this description. At length Guinand, a humble 
mechanic of Brenetz, a small village in the Canton of Neufchatel, Swit- 
zerland, haviffe turned his attention to the manufacture of flint-glass 
towards the close of the eighteenth century, succeeded, after a long course 
of persevering efforts, in producing masses of that substance perfectly free. 
of striw, and therefore adapted for the construction of object-glasses of 
telescopes. Frauenhofer *, the Bavarian optician, having been made 
acquainted with the wonderfal sticcess of Guinand, resolved to take ad- 
vantage of the circumstance, aud with a view to this object he induced 
the Swiss artizan to remove to Munich, in the year 1805. This eminent 
individual, who was no Jess remarkable for sagacity in philosophical 
enquiries than for akill as an artist, possessed peculiar qualifications for 
profiting by the instructions of Guinand, and he soon succeeded in attain- 
ing unexampled excellence in the construction of achromatic object- 
glasses. Telescopes were now executed by Frauenhofer, the apertures of 
which far exceeded anything hitherto known since the discovery of achro- 
matism. It was with one of these instruments, having an aperture of 
9.9 inches, and 2 focal length of 154 feet, that M. Struve made the 
series of micrometrical mcasarements of double stars at Dorpat, between 
the years 1824 and 1837, which have rendered the name of that astro- 
nomer so deservedly famous. With another of them, having an aperture 
. of 12 inches, and a focal length of 18 feet, M. Lamont, of Munich, 
made those interesting obsorvations of the satellites of Uranus, to which 
allusion has been made in one of the preceding chapters. Frauenhofer 
was contemplating the execution of object-glasses of still greater mag- 
nitude than either of those above-mentioned, when his brilliant career 
was unfortunately brought to a close hy a premature death. His succes- 
sors, MM. Merz and Mahler, have suecceded in effectually realising his 
views. Among the chef-d'euvres of these artists may be cited the famous 
vefractors of Pulkowa and Cambridge, U.S., to both of which instru- 
ments allusion has already been made in the foregoing part of this work. 
Guinand remained at Munich from 1805 till 1814, in which year he 
finally returned to his native country. A few years afterwards he was 
visited by Lerebours, an eminent French optician, who purchased of him 
all the flint-glass in his possession. Subsequoutly he also supplied Can- 
choix, another artist of Paris, with portions of the same valuable substance. 
The French opticians skilfully worked the material into object-glasses, 
and in this manner refracting telescopes came to be constructed in I’rance, 
rivalling the most finished productions of the Munich artists. England, 
which continued long to be the exclusive seat of the manufacture of 
achromatic telescopes, had the mortification of finally seeing both Ger- 
many and France completely outstrip her iu this branch of practical 
optics. ‘This result she owed to the short-sighted policy of the Govern-~ 
ment, which had placed an exorbitant daty on the manufacture of fint- 
glass. The removal of this pernicious impost a few years since, has 
given a new impulse to the art, aud already results have been achieved 
which seemed to indicate that before a Jong period shall have elapsed, 
refracting telescopes will be executed in this country, rivalling the most 


* Joseph Frauenhofer was born in the ycar 1787, at Straubing,.in Bavaria. Besides 
having attained unrivalled eminence in his professional vocation, he achieved many 
important discoveries in physical optics. He died in 1826, while yet in the prime of 
lifes but he left behind him an jmenonta? ease... 
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powerful instruments of the same kind which have emanated from the 
workshops on the Continent *. 

While the refracting telescope has been rendered vastlygmore efficient 
in modern times, the reflecting telescope has received atorresponding 
degree of improvement. During the present century several very large 
telescopes were constructed upon this principle by the late Mr. Ramage, 
of Aberdeen, an individual of considerable originality, who possessed a 
remarkable aptitude for mechanical inventions. The perfection of these 
instruments does not seem, however, to have been commensurate with 
their magnitude, for they have been employed only to a very limited 
extent in astronomical observations. Ip more recent times, Mr. Lassell, 
of Liverpool, has especially distinguished himself by his skill in the 
construction of reflecting telescopes. With a Newtonian reflector of 2-feet 
aperture, which he executed with his own hands, he has discovered the 
single satellite of Neptune, and the cighth satellite of Saturn; while, at 
the same time, he has bcen cnabled by its use, to make several very 
interesting physical observations of the planctary bodies. In the con- 
struction of reflecting telescopes the Karl of Rosse has attained a degree 
of excellence which far surpasses all previous efforts of the kind. It is 
impossible here to give any account of the multitude of admirable con- 
trivances by means of which that distinguished nobleman has succeeded 
in bringing his iclescopes to so high a state of perfection, It must suf- 
fice to state, that in 1840, he completed a Newtonian reflector of 3 feet 
aperture, which he subsequently employed in astronomical observations. 
Phenowena of a highly-interesting nature were soon disclosed by the use 
of this powerful instrument. Several nebulie, hitherto’ observed as such 
in the most powerful telescopes, were resolved into clusters of stars, while 
others exhibited forms totally different from those which had been hitherto 
assigned to them. In 1845 Lord Rosse -gave to the world a still more 
striking proof of his practical talents, and his devotion to astronomical 
science, by the construction of a reflecting telescope of 6-feet aperture, 
and 54-feet focal length! This magnificent instrument, by far the most 
powerful which the genius of man has hitherto executed for the purpose 
of exploring the grand phenomena of the heavens has already, in the hands 
of its noble owner, done yaluable service to astronomy, by the light which 
it has thrown upon the structure of the nebular part of the universef. 

The brilliant success which has attended Lord Nosse’s efforts to 
construct reflecting telescopes, has suggested to several eminent sci- 
entific men of the present dry the expediency of transporting a powerful 
instrument of this description to the southern hemisphere, for the pur- 





* At the meeting of the British Association, held in the month of July of the present 
year (1851), at Ipswich, the Astronomer Royal, in his opening address as President of 
the Association, stated that Mr. Simms had completed the flint-glass for an achromafie 
object-glass of 13 inches in diameter, and that he was engaged in executing one of 16 
inches, He also mentioned that Mr. Ross was attempting to make an object-glass of 
2 feet in diameter! It is to be hoped that these glasses may turn out to be remarkable 
for quality as well as size 

$ Dr. Robinson, in a brief account of Lord Rosse’s optical labours, delivered at the 
meeting of the British Association, held at Cork in 1843, has remarked that “between the 
spherical and parabolic figures, the extreme difference is so slight, even in the telescope 
of 6-fect aperture, that if the two surfaces touched at their vertex, the distance at the 
edge would not amount to tha 4,,33,th of au inch, a space which few can measure, 
and none without the microscope.” This statement may give the reader some idea of 
the exquisite delicacy of the operation necessary for giving the speculum its true para- 
bolic figure. 
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pose of employing it in physical observations of the celestial bodies. At 
the meeting of the British Association, which was held at Edinburgh in 
1850, it was agreed to memorialise the Government upon the advantages 
which would accrue to astronomical science from the practical adoption of 
such a scheme. It is to be hoped that, ere long, steps will be taken 
towards its complete realisation. 





CHAPTER XXI. 


Origin of Stellar Astronomy.—Physical Changes observed in the Starry Regions, 
Disappearance of Stars from the Heavens.—New Stars.— Stars of Variable Lustre. — 
Photometric Researches on the Stars. Attempts to Determine their Apparent Dia- 
meters. — Space-penetrating Power of ‘Telescopes.— Applied to ascertain the relative 
Distances of the Stars, — Absolute Distances of the Stars determined by Photo- 
metric Principles.— Parallax of the Fixed Stars.—Early Researches on the Subject. 
Modern Researches,—Bessel.— Henderson.— Struve.—~Peters. Proper Motions of 
the Stars.—Motion of the Solar System in Space.— Double Stars.— Discovery of their 
Physical Connexion by Sir William Herschel.—Methods for determining the Elements 
of their Orbits.—Nebulw,—Speculations of Sir. William Herschel.--Modern Re- 
searches on the Subject.—Sir John Herschel.—'The Earl of Rosse.—Early Specula- 
tions on the Milky Way. —Theory of Wright.— Observations of Sir William Herschel. 
~-Speculations of that Astronomer on the breaking up of the Milky Way.—Re- 
searches of Struve on the Distribution of the Stars in Space.—Gauges of Sir Joba 
Herschel in the Southern Hemisphcre.—Spcculations of M. Struve ou the Extinction 
of Light in its Passage through Space. 





‘Tue aspect of the starry firmament furnishes one of the most glorious 
spectacles which nature displays throughout the entire range of her widely- 
diversified empire. The multitude of luminaries with which the blue 
vault of heaven appears bespangled, the endless variety of lustre which 
they exhibit, the striking configurations which they form, and the calm 
regularity with which they pursue their nocturnal courses—all conspire 
together in awakening a feeling of adoration in the most listless spectator, 
while at the same time they are eminently calculated to excite the 
enquiries of the more rational observer of physical phenomena. Attention 
could not long have been directed to the appearance of the starry heavens, 
before it was discovered that, except in a few instances, the entire multi- 
tude of Juminarics constantly maintained the same relative position. 
Hence they received the appellation of Fied Stars, an expression} how- 
ever, which is now found to be inaccurate, since the researches of modern 
astronomers have served to demonstrate that many of the stars are affected 
by very minute movements, while at the same time it can hardly be 
doubted that they are all subject to a similar influence. 

During the early period of astronomical science, the fixed stars were 
observed merely on account of their utility in forming reference points, by 
means of which the apparent positions of the planetary bodies might be 
determined with greater acéuracy, and the laws of their movements hence 
ascertained. Indeed, the Ptolemaic astronomy, by making the whole 
sphere of the stars perform a complete revolution round the earth once 
in every twenty-four hours, assigned to those luminaries a very subordi- 
nate place in the physical universe. When the immortal Copernicus 
restored the true system of the world, the stars assumed their just dignity 
as vast bodies placed at an immeasurable distance from the earth; but 
it seemed hopeless ever to arrive at any knowledge respecting their 
physical constitution. At length the invention of the telescope, about 


. 
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the beginning of the seventeenth century, by removing the veil which had 
$0 long concealed those remote orbs from the scrutinies of the human 
mind, gave an unexpected impulse to researches of this nature. From 
the epoch of Galileo's brilliant discoveries in the celestial regions, may 
be gaid to date the origin of Stellar Astronomy, a branch of enquiry which 
has ever since attracted more or less attention, and which, in recent times 
especially, has excited an intense degree of interest. 

That the stars are so many suns shining by their own light, is an 
opinion which seems to have been entertained’ by some of the ancient 
philosophers. This view of their nature came to be universally adopted 
upon the establishment of the true system of the world by Copernicus, 
since it was considered to be improbable in the highest degree, that bodies 
shining by retleeted light would be visible at the earth, when at the same 
time their distance was so immense, that they did not exhibit any sensible 
change of position even when viewed at the opposite extremities of a 
diameter of the terrestrial orbit. 

The number of stars visible to the naked eye, is found to amount only 
to a few thousands; for although at first sight they seem to be innume- 
rable, yet a closer scrutiny of the heavens soon serves to convince the 
observer that he has been labouring under a delusion in this respect. 
But what the unaided organ of vision merely suggests to the imagina- 
tion, without affording any substantial grounds of belief in its existence, 
an examination of the starry heavens with the tclescope has proved to be 
areality. Multitudes of stars ave then perceived, which were invisible to 
the naked eye. ‘fhe number also thus disclosed to view, continually 
augments with cach successive increase of the optical power of the in- 
strament, uutil the imagination is at length absolutely overwhelmed with 
the countless myriads of suns, and systems of suns, which aro found to 
people the immensity of space. : 

The ancient philosophers supposed the celestial bodies to be essentially 
incorruptible and eternal, and henco maintained that they were not sub- 
ject to physical changes, as iu the case of bodies at the surface of the 
earth, ‘The progress of astronomical science, however, has served amply 
to demonstrate that those brilliant orbs are not exempt from the great 
law of mutation, to which all the other objects of the ereated universe 
appoar to be liuble. Exclusively of the evidence afforded by the observa- 
tions of astronomers on the physival constitution of the sun, there are 
various stellar phcnomena of a highly-interesting nature, which concur in 
establishing this important fact, A brief allusion to some of them may 
not perhaps be unacceptable to the reader. 

Tn some insiances, stars which bave shone for ages in the firmament, 
have ceased to be visible. A comparison of catalogues of the stars con- 
structed for different epochs, would indeed seem to indicate that a great 
number of such objects that were formerly visible in the celestial 
sphere, have totally vanished; but it is probable that in most of these 
cases the discordance is attributable to the imperfection of the earlier 
observations of astronomers. Stars, however, have been mentioned by 
Montanari*, Maraldi+, und Sir William Hersehel 1. respecting whose ex- 
tinction there hardly cxist grounds for entertaining any reasonablo 
doubt. 





» Phil. Frans. 1671, p. 2202. + Mém. Acad. des Sciences, 1709, p. 40, 
£ Phil, Trans., 1792, p, 26, 
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Various new stars are recorded in history, which after having shone 
with great splendour for a short time, then gradually faded away until 
they ceased to be visible. Thus Pliny asserts, that the appearance of a 
new star in the time of Hipparchus, about the year 180 a.p., was the 
occasion of inducing that astronomer to construct his famous catalogue 
of the stars. “A new star is said to have appeared in the reign of the 
Emperor Honorius, about the year 390 a.p.; also one in the reign of the 
Emperor Otho, about the year 945 ; and again a phenomenon ef a similar 
nature in the year 1264. 

b Ju the year 1572, there appeared a splendid new star in the constole 
lation of Cassiopeia, which is memorable for being the earliest of sueh 
phenomena respecting which any authentic particulars have been recorded 
by astronomers. This star was observed by ‘Tycho Brahé, who, ina long 
work, written expressly on the subject, has given a detailed account of 
the various circumstances connected with its appearance ; including a 
critical discussion of the speculations of his contemporaries on its pro- 
bable origin. It was first seen by him on the evening of the I1th of 
November, 1572. It then surpassed in lustre the brightest of the fixed ~ 
stars, and was even more brilliant than the planet Jupiter, although 
then in opposition and near perihelion. It almost rivalled’ Venus, 
and, like that planet, was seen by some persous even in the daytime. . 
During the remaining part of November, it continued to shine with 
undiminished lustre ; but it subsequently began to decline, and it gra 
dually grow fainter, uutil at length, in the month of March, 1574, it 
ceased to be visible. The colour of this extraordinary object underwent a 
succession of changes during the period of its appearance. When it first 
became visible, it shone with a bright white light, like Venus or Jupiter, 
It then acquired a yellowish tinge; afterwards beeame ruddy, like Mars 
or Aldebaran ; and finally exhibited a leaden hue, like the planet Saturn *, 
Tycho Brahé supposed it to be generated from the ethereal substance of 
which he imagined the Milky Way to be composed, and to have been 
afterwards dissipated by the light of the sun and the other stars, or to 
have dissolved spontaneously from some internal cause |; A more modern 
hypothesis has referred the origin of the phenomenon to some vast com- 
bustion, an explanation which receives some degree of support from the 
gradual change of colour which the light of the star exhibited. 

A few years after the close of the sixteenth century, another splendid 
new star burst forth in the constellation of Serpentarius. In this instance 
the phenomenon was witnessed by many eminent astronomers, including 
Kepler, who wrote an interesting dissertation on the subject of its appear 
ance}. It was first scen by that astronomer on the 17th of October, 
1604. It surpassed in brightness the stars of the first magnitude, as 
well as the planets Mars, Saturn, and Jupiter, all of which were in its” 
vicinity. Like the star of 1572, it began to decline soon after its appear- 
ance, and finally ceased to be visible between October, 1605, and February, 
1606, Kepler was of opinion that it was generated from an ethereal 
substance, not confined exclusively to the region of the Milky Way, as 
Tycho Brahé had supposed in the case of the star of 1572, but pervading 
all space. In connexion with this explanation of the origin of the star, 
he remarked, that the luminous ring observed around the dark body of 


* Progymnasmata, p. 297. + Ibid, p, 793. 
+ “De Stella Nova in Pede Serpentarii,” dto, Prage, 1606. 
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the moon at Naples during the total eclipse of the sun which happened 
in the year 1605, was occasioned by the existence of such a substance 
around the sun *. 

The new stars of 1472 and 1604, are memorable in the history of 
astronomy, for the extraordinary splendour with which they suddenly 
burst forth upon the world. Several phenomena of a similar nature have 
subsequently been observed, but they have not exhibited such remarkable 
features as the stars just mentioned. 

A comparison of the writings of the ancient astronomers with the 
results of actual observation, would seem to indicate that some stars have 
undergone a permanent change of brightness. Besides these, however, 
there are several stars which have been recognized in modern times to be 
subject to periodic variations of lustre, completing the cycle of their 
phases in comparatively short intervals of time. The most celebrated of 
these is the star in the neck of the Whale, which Bayer has mayked in 
his charts with the Greek letter omicron, and which, in consequence of 
the singular changes exhibited by it, was termed Mira Ceti. This star 
was first scen by David Fabricius, on the 13th of August, 1596}; and as 
it disappeared in the following October, it was considered by Kepler and 
the other astronomers of the time to have been a new star, like the ono 
of 4572. It was first recognised as variable by Phocylides, a Dutch 
philosopher, who commenced his observations of it in the year 1638 j. 
Bouillaud, by a comparison of all the observations included between the 
years 1638 and 1067, ascertained that its variations are periodic, and that 
it passes through the course of its phases in about 838 days. ‘Tho 
more accurate rescarches of modern astronomers make the period 
to be 3314 15 7™§. ‘This star is generally invisible to the naked eye 
for about five months. [Lt then gradually increases until it attains the 
brightness of a star of the second magnitude; and after remaining 
in this state for about fifteen days, it begins to decline in brightness, 
diminishing nearly at the same rate as that at which it had formerly 
increased. 

A. great number of stars have been recognised by modern astronomers 
to be subject to variations of brightness similar to those remarked in 
the case uf o Ceti. One of the most interesting of these is the bright 
star hr the head of Medusa, termed Algol or 8 Persei. Montanari, and 
afterwards Maraldi, found that it was subject to singular fluctuations of 
brightness ; but no attempt was made to ascertain cither the period or law 
of variation, until Goodricke commenced his observations of the star in 
the year 1782. By continuing fer some time to watch its successive 
phases of brightness, that acute observer found that, after resembling a 
star of the second magnitude, for about two days thirteen hours and 
three quarters, it descended in the short space of three hoars and a half 
to the fourth magnitude, and then in an equal interval‘of time regaincd 
its former brightness, thus completing the cycle of its variations in 
about two days twenty hours and three quarters ||. By a subsequent 
comparison of an observation of the star by Flamsteed, who in the year 


* Kepler, De Stella Nova, eap. xxiii. p. 115. 

+ Ibid, cap, xxii, p. 112. 

t Hevelius, Historiole Mire Stella, p. 147, fol., Gedan, 1662. 

§ The researches of Bouillaud on the subject appeared in a small tract, entitled « Ad 
Astronomos mo nita duo,” Paris, 1667. 
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1696 noted it as a star of the third magnitude, with a corresponding ob- 
servation of his own, he determined the period more accurately to be 
24 20h 48™ 665%, 

Another interesting star, the discovery of whose variability is due to 
Goodricke, is @ Lyre. It was first recognised by him as subject to changes 
of brightness in the year 1784, He was originally induced to fix the 
period of variation at 649; but after continuing his observations for 
some time, he found that, although the course of the phases very nearly 
agreed with this period, an exact compensation of brightness did not take 
place in less than 12¢ 19, there being in reality two maxima and two 
minima, When it attains its maximum brightness, it is equal to a star of 
the third magnitude. At one of its minima, it appears between the 
fourth and fifth magnitude, and at the other between the third and 
fourth t. These interesting particulars have been fully confirmed by the 
recent rescarches of M. Argelander. 

Jt may be remarked respecting variable stars, that in passing through 
their successive phases, they are subject to sensible irregularities, which 
have not hitherto becn reduced to fixed laws. In general they 
do not always attain the samc maximum brightness, their fluc- 
tuations being in some cases very considerable. Thus, according to 
Argelander, the variable star in Corona Borealis, which Pigott dis- 
covered in 1795, exhibits on some occasions such feeble changes of 
brightness, that it is almost impossible to distinguish the maxima from 
the minima by the naked eye; but after it has completed several of its _ 
cycles in this manner, its fluctuations all at once become so considerable, 
that in’ some instances it totally disappears. It has been found, 
moreover, that the light of variable stars does not increase and di- 
minish symmetrically on each side of the maximum, nor are the succes- 
sive intervals between the maxima exactly cqual to cach other. 

Several persons have endeavoured to account for the phenomena of 
variable stars, but no satisfactory view of the subject has yet been 
arrived at by any enquirer. Bouillaud sought to account for the variations 
of o Ceti, by attributing to the star a rotation round a fixed axis, 
and supposing the greater part of its surface to be obscure. According 
to Maupertius, some stars, by whirling rapidly round their axes, becamé 
flattened to such an extent as to resemble millstones: they were? more- 
over, liable to periodic perturbations from the action of opaque bodies 
revolving round them. Hence, when one of such stars presented its 
Hattened surface to the earth, it shone with its maximum brightness, 
and when seen edgewise, its lustre was manifestly a minimum. Good- 
ricke suggested that the variations of Algol might perhaps arise from the 
periodic transit of an opaque planct revolving round the star. Pigott 
assimilated the phenomena of variable stars to the solar spots, and this 
view of the subject is beyond doubt the most satisfactory that has yot 
been advanced. 

The Photometry of the stars, although forming one of the most:im- 
portant subjects of Stellar Astronomy, hes hitherto remained in a very 
nuperfect condition. ‘The usual mode of designating the brightness of 
the stars Ky arranging them according to different magnitudes, is both 
vague in theory and contradictory in practice. It is vague, inasmuch as 
the place of a star in the scale of magnitudes conveys no definite idea of 





* Phil. Trans,, 1784, p. 289. + Phil. Trans., 1785, p. 153, et seq. 
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the quantity of light emitted by it relative to any other star whose place 
is assigned in the scale; and it is contradictory, inasmuch as in number- 
Jess instances the same star has a different magnitude assigned to it by 
different authorities. Bailly proposed to amend the system. of stellar 
nomenclature by determining the brightness of each star upon strict photo- 
metrical principles. To this end he suggested that all the stars should 
be observed with the same telescope, and that in every instance the aper- 
ture should be diminished until the star just ceased to be visible *, It is 
obvious that the light usually emitted by any star to the earth would then 
be inversely proportional to the corresponding aperture. This mode of 
determining the relative brightness of the stars is unexceptionable in 
point of theory, but practical difficulties have hitherto stood in the way of 
its adoption as the basis of a new system of nomenclature. 

Sir William Herschel rejected the system of magnitudes altogether, as 
unworthy of any reliange, and determined the relat®e brightness of a great 
number of stars visible to the naked cye, by comparing each star with the 
other stars in its vicinity, and noting those which were sensibly equal to 
it in lustre, or differed from it only ina very small degree. The results 
of his labours on this oecasion form a valuable record for ascertaining at 
some future epoch whether any of the stars to which they refer have 
undergone a variation of Iustre f. 7 

More recently Sir John Herschel has employed a similar method in 
connecting a great number of stars distributed over both hemispheres in 
one unbroken chain of relative brightness, and has also succeeded in 
adapting the results to ihe conventional system of magnitudes so as to 
represent the brightness of the various ‘stars according to the usual 
nomenclature, but in a vastly-improved condition as respects accuracy of 
detail. The same distinguished astronomer has moreover determined, by 
aseries of ,photometrical experiments, the quantity of light actually 
emitted by each star relative to a certain standard star considered as 
the unit of light, and has instituted a comparison between the results 
and the corresponding magnitudes of the stars. he conclusion to which 
he was conducted by his rescarches on this occasion, is at once curious 
and instructive. It appeared that if the conventional magnitudes of the 
stars as rectificd hy him, were all increased by the common fraction 0-414, 
the squares of the resulting magnitudes would then be inversely pro- 
portional to the corresponding photometric numbers, representing the 
light of the stars as determined by experiment. Now this is precisely 
the relation that would subsist between the distances of the stars from the 
earth, and their respective photometric intensities, on the probable sup- 
position that they all yield the same quantity of light at the same distance. 
It follows, therefore, that the ordinary nomenclature of magnitudes, when 
sufficiently amended, represents pretty nearly the order of the distances’ 
of the stars, and would even rigorously do so, provided the magnitudes 
Were augmented by the common fraction above mentioned }. An example 
will illustrate this curious conclusion more clearly, The bright star « 
Centauri being assumed as the standard unit in the scale of conventional 
magnitudes, the star Antares, according to Sir John Herschel, will be 
represented in the same scale by 1-6. Now if the distance of*« Centauri 


* Mém. Acad. des Sciences, 1771, p. 580. 
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from the earth be at the same time assumed as the unit of distance, it 
would follow from the photometric experiments of the astronomer just 
inentioned, that the distance of Antares, as deducible from the quantity of 
light which it emits, would be represented by 2-014, which is equal to 
16 +414. Consequently, if the nomenclature of the stars was so mo. 
dified that the magnitude of Antares, as it stood in the old scale, was 
jucreased by 414, the resulting magnitude would then afford an aecu~ 
rate representation of the relative distance of the star; and the same 
may be said of all the other stars whose conventional magnitudes have 
Leen rectified by Sir John Herschel *. 

Hooke appears to have been the first person who considered the mode 
in which the visibility of the stars depends upon the telescope. In his 
Micographia he remarks that the number of stars visible in a telescope 
will increase with the enlargement of the aperture, for, by uniting a great 
number of rays into*one point, many stars, which from their faintness 
would otherwise. be invisible, are thereby brought into view, and rendered 
conspicuous +. In 1717, J. Cassini alluded to the same subject in a com- 
munteation to the Academy of Sciences, on the parallax of Sirius. He 
remarked that the stars of the sixth magnitude are six times more remote 
than those of the first, and hence he concluded, that with a telescope 
magnifying 200 times, it would be possible to perceive stars that were 
1200 times more remote than those of the first magnitude t. The visi- 
bility of the stars is here made to depend wholly upon the magnifying 
power of the telescope. That some obscure connexion really does exist 
between the two principles appears evident from the observations of sub- 
Sequent astronomers §, but it has been no less unequivocally established 
that the visibility of the stars mainly depends upon the magnitude of the 
aperture, 

Lambert, in his Cosmological Letters,” accounts for the power of the 
telescope to render small stars visible by the superior precision of the 
image which it forms, when compared with that formed by the naked eye. 
He makeg no allusion whatever to the magnitude of the aperture, but he 
expressly asserts that the visibility is independent of the magnifying 
power. Michell, in the year 1767, took a more correct view of the sub- 
lect, making the visibility to depend on the magnitnde of the aperture. 
Assuming the diameter of the pupil of the eye to be equal to one-third of 
an inch, and roughly estimating the quantity of light lost in passing 
through the telescope, he was enabled to compare the distance of the 


* ‘The researches of Sir Jdhn Herschel donot extend to stars lower than those of the 
fourth magnitude. It would appear from a recent Paper by Mr. Dawes (Mo. Proc. Ast. 
Soc., June, 1851), that the nomenclature of telescopic stars, as indicated by the obser- 
vations of Lalande, Bessel, and Argelander, is based upon a different principle, 

ft See the work cited, p. 241, 

+ Mém. Acad, des Sciences, 1717, p. 260, 

§ Thus Sir William Herschel, in one of his earlier communications to the Royal So- 
riety, cites several instances of stars which éouldhot be scen with a magnifying power of 
227, but which became distinctly visible when a Power of 460 was applied (Phil. Trans., 
1782, p. 92). Mr. Dawes has recently remarked that the aperture necessary fo render 
the stars steadily visible to him in a telescope magnifying sixteen times, is Zess than the 
pupil of his eye, being omy ‘15 inch in diameter, whereas he estimates that of the 
pupil of his eye at -25 ine (Mo. Pro, Ast. Soe., June, 1831). Now in such a case 
it might be expected that the aperture of the telescope would be greater than the pupit 
of the eye, in order that a compensation might be effected for the light necessarily lost 
in telescopic observation. Is not th apparent anomaly due to the influence of the mag. 
nifying power, which, under certain circumstances, is favourable to the visibility of the 
object, as in the instances above alluded to? y 
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faintest stars seen in a telescope of given aperture, with the distance of 
those barely visible to the naked eye *. 

The subject of the visibility of the stars has been fully considered by 
Sir William Herschel, in an admirable paper which appears in one of the 
volumes of the Philosophical Transactions}. By a series of photometrical 
experiments, he determined the quantity of light lost in telescopes of dif- 
ferent forms of construction. Assuming, moreover, that the pupil of the 
eye was equal to two-tenths of an ingh in diameter, he compared the dis- 
tance at which a star would be: barely visible ina telescope of given aper- 
ture with the distance of- the smallest stars visible to the naked eye, con- 
sidered as the linear unit. The former of these distances was termed by 
him the space-penetrating power of the telescope. Herschel, in accord- 
ance with these principles, determined the space-penetrating powers of 
various telescopes, differing either in construction or aperture, which he 
employed in his observations. - 

‘Since tho brightness of a star scen in a telescope depends upon tho 
magnitude of the aperture, it follows, that by gradually diminishing the 
latter, the image of a star’ may be reduced to any degree of faintness we 
please. Hence, if two stars of unequal brightness be observed with two 
telescopes exactly similar in all respects, and if the aperture of the tele- 
scope directed to the brighter star be reduced unfil both stars appear of 
the same brightness, it is manifost that the absolute quantity of light 
emitted by each star to the earth, will be in the inverse ratio of the aper- 
ture of the telescope through which it is thus seen. Now, knowing the 
relative quantities of light emitted by the two stars, their relative dis- 
tances may be readily determined, supposing, as before, that both stars 
possess the same degree of intrinsic brightness. Sir William Herschel 
applied these principles to the determination of the relative distances of 
the stars | and clusters of stars § visible in his powerful telescopes. It is 
impossible within the limits to which we are confined, to give any account 
of the sublime results to which he was conducted by his labours on this 
occasion. 

The question with respect to the absolute distance of the stars from the 
earth, is one which has excited a high degree of interést among astrono- 
mers ever since the re-cstablishment of the true system of the world by 
Copernicus. This might be ascertained in any case by a simple and direct 
process, if the star exhibited a change of position-depending on the mo- 
tion of the carth in her orbit, but such a parallactic displacement was long 
found to be insensible. Another mode of effecting'the same object was 
founded upon a knowledge of the apparent diameter of the star. Assum~ 
ing the star to be equal in absolute maguitude to the sun, it is clear that 
the distance of the sun from the earth would be to the distance of the svar 
from the same body, as the apparent diameter of the star to the apparent 
diameter of the sun. ‘This mode of determining the distance of a star 
was less satisfactory than that faunded upon a knowledge of its parallax, 
seeing that it involved an arbitraty assumption with respect to the mag- 
nitude of the star; but still it was excecdingly desirable to arrive at some 
probable conclusion upon the subject. It was soon found, however, that 
the measurement of the apparent diameter of a star was an object of as 
great delicacy as the detection of its parallax. The earlier astronomers, 
indeed, supposed that the principal stars possessed an apparent magnitude 


» Phil. Trans., 1767, p. 234, ct seq. + Ibid., 1800, p. 49, et seq. 
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of 2’ or 8’*; but tho telescope shewed this to be to a great extent an illu- 
sion, produced by the false light surroundin, the star. Galileo attempted, 
by a very ingenious method, to get rid of the effects of irradiation in 
meastring the apparent diameter of « Lyre, and he so far succeeded in 
his object as to assign to the star an apparent diameter of only 5’ +. This 
was undoubtedly a much nearer approximation to the truth than any esti- 
mate that had been hitherto formed of the apparemt magnitude of a star. 

Horrocks first remarked a phenomenon which furnishes a striking 
proof of the extreme smallness of the apparent-diameters of the stars. 
In company with his friend Crabtree, he witnessed an occultation of the 
Pleiades by the moon, on the evening of the 19th of Mareh, 1637. Ag 
soon as the stars approached in succession the dark limb of the moon, 
they were in each instance observed to vanish instantaneously t. Horrocks 
justly asserted, that if the whole of the light in each case had emanated 
directly from the body of the star, the latter ought to have disappeared by 
sensible gradations. He therefore concluded that the apparent diameters 
of the stars are mere points which are net capable of measurement. 

Hevelius, by diminishing the aperture of his telescope, succeeded in 
giving a round planetary appearance to the stars, and he determined the 
apparent diameters of the resulting disks by comparing them in sneces- 
sion with Mercury, whose apparent diameter he had previously ascer- 
tained from observations of its transit across the sun's disk. In this 
manner he found the apparent’ diameter of Sirius to be 6” 21”; that of 
Procyon, 4” 58’ &e., &e.§. In 1717, J. Cassini observed Sirius with a 
telescope, the aperture of which he had similarly reduced, and by com- 
paring the round disk thus formed with the planet Jupiter, he concluded 
that the apparent diameter of the star did not exceed 5”). Both He- 
velius and Cassini erred in supposing that the round appearance of stars, 
seen in telescopes with reduced apertures was real. The phenomenon is, 
in fact, a spurious image produced by the diffraction of the light in passing 
the contour of the aperture. 

Halley did not fail to express his suspicion that the apparent. diameter 
ascribed by J. Cassini to Sirius was fin optical fallacy, occasioned by. the 
great contraction of the aperture of the object-glass 1. From the instan- 
taneous disappearance of stars on the occasion of their occultation by the 
moon, he concluded, as Horrocks had already done, that the apparent 
diameters of the stars is.excessively small. He considered that the appa- 
rent diameters of Spica Virginis and Aldebaran were in both eases less 
than 1”. | Michell supposed that the diameter of Sirius was even less than 
0”.02. We thus see that the progress of research on the subject tended 
invariably to assign a less and less apparent diatheter to ‘the stars, 


ay 

* ‘Tycho Brahé estimated the apparent diameters of the stars of the first magnitude at 
2°; those of the second at 1}/; those of the third at 1,4’; those of the fourth at 2; those 
of the fifth at 3’; and those of the sixth at ¥. (Progynnasmata, p- 482.) 

+ Opere de Galileo, tome iv., p. 259. : 

z= © Venus in Sole Visa,” p. 139. The merit ofhaving originally deduced from this 
phenomenon a proof of the extreme smallness of the apparent diameters of the stars bas 
been erroneously ascribed by some writers to Halley, upon the strength of a remark made 
by that philosopher, in 1718, relative to the same subject. (Phil. Trans., 1718, p. 853.) 

§ “ Mercurius in Sole Visus,” p. 92. Hevelius states on this occasion that he saw Sirius 
with the naked eye, on the morning of October 2, -1661, when the sun had already 
ascended above the horizon. 

I| Mém, Acad. des Sziences, 1717, p- 258. 

© Phil. Trans., 1720, p. 3. 


546 HISTORY OF PHYSICAL ASTRONOMY. 


Sir William Herschel devoted considerable attention to the subject of 
the apparent diameters of the stars, but he was unable to effect any mea- 
surement on which he could rely with sufficient confidence. As might be 
expected, he made the real apparent magnitudes of the stars to be less 
than any other astronomer bad hitherto determined them to be from 
observation. On the 22nd of October, #781, he observed the bright star « 
Lyre, with a power of 6450, and, having measured the apparent diameter 
with the micrometer, he found it amount to 07.3553*. It may not be un- 
interesting to compare the absolute magnitude which this result would 
assign to the star, with the absolute magnitude of the sun. To this end it 
may be remarked that the parallax of a Lyre, as determined in recent times 
by M. Strave, amounts to 0”.261. Its distance from the earth exceeds, 
therefore, the radius of the terrestrial orbit in the proportion of 790,288 
tol. Hence, if we suppose the sun to be transported to this distance, 
his apparent diameter (estimated at the mean value of 82’) would be 
diminished in the same proportion, and would therefore be equal only 
to 0”.0024. Now the apparent diameter of « Lyrw, as determined by 
Herschel, exceeds this quantity in the proportion of 148 to 1. It follows, 
therefore, either that the result obtained by Herschel on this occasion 
differs widely from the true value, or that « Lyre vastly exceeds the sun 
in absolute magnitude. It can hardly be doubted that the physical 
anomaly which here presents itself, is mainly due to an erroneous determi- 
nation of the apparent diameter of the staf. Indeed, as has been already 
yemarked, Herschel does not appear to have reposed ‘any confidence in 
such measurements, being of opinion that the round appearance of the 
stars, even when secn in the most perfect telescopes, was almost wholly 
spurious. 

., When the stars are observed with telescopes of great optical perfection, 
_ furnished with high magnifying powers, they are generally found to 
exhibit a well-defined planetary appearance, even although the aperture 
should not be reduced. There is also visible around the disk of the star 
an alternate succession of dark and bright rings of uniform breadth. It 
has been already mentioned that the round disk is a spurious pheno- 
menon, occasioned by the diffraction of light. ‘Ihe rings have also been 
satisfactorily explained by the same principle. It is important to remark, 
that these phenomena would Le produced in greatest perfection if the star 
was merely a physical point of light. Mr. Airy, by a mathematical inves- 
tigation, has rigorously accounted for the appearance of the disk and sur- 
rounding rigs, upon the principle of the mutual interference of the rays 
of light, and has also explained a part of the phenomenon which had 
hitherto seemed very obscure, namely, the dependence of the magnitude 
of the disk on the intensity of the light of the star +. 

The parallax of the fixed stars having been found for a long time to be 
insensible, attempts were made to determine their distances from the 
earth by photometrical principles. Assuming the stars to be equal to the 
sun, both in magnitude and jatrinsic splendour, it is clear, since light 
diminishes in the inverse ratio of the square of the distance, that the 
light of the sun will be to the light of any of the stars, as the square of 
the distance of the star from the earth to the square of the distance of 
the sun. Hence, if the quantity of light sent to us by the star be 
determined relatively to the light of the sun, its distance from the earth - 


* Phil. Trans., 1782, p. 147. + Camb. Phil. Trans., yol. ¥., p. 283, 
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may be ascertained by a simple process of arithmetic. James Gregory 
appears to have first suggested this mode of determining the distance of 
a star from the earth. Huyghens, by applying it to Sirius, found that 
the distance of that star from the earth exceeded the distance of the 
sun 28,000 times. The same method subsequently attracted the atten- 
tion of various astronomers, among whom may be mentioned Chésaux, 
Lambert, Michell, and Olbers, who all agree in assigning to the stars of 
the first magnitude a parallax less than 0”.5, ag the result of its application. 

Wollaston fourtd that the light of Sirius appeared equal to that of the 
sun when reflected from the surface of a sphere +,th of an inch in 
diameter, and seen at the distance of 210 fect. Sapposing the half of 
the solar light to be lost during reflexion, he hence concluded that the 
light of the sum was to thgt of the star as 20,000 millions to one. 
Hence, if we assume the star to be equal in magnitude and intrinsic 
splendour to the sun, this result would imply that the distance of the star 
from the earth is 141,421 times greater than the distance of the sun, 
whence its parallax would amouat to 1”.8® It has been ascertained, 
however, from the observations of astronomers, that the parallax of 
Sirius is in reality less than half a second. The conclusion therefore 
is, that in magnitude the star greatly surpasses the sun. 

Wollaston found by a similar method, that the light of the sun was 
to the light of « Lyre, as 180 thousand millions to one, and'consequently 
that the light.of « Lyre was only one-ninth of that of Sirius. This would 
imply that « Lyre was three times more distant than Sirius, and that its 
parallax was therefore only 0”.6. Even this, however, considerably ex- 
ceeds the true value as recently determined by M. Struve. 

It has been already mentioned, that the attempts of the earlier astro- 
nomers to detect an annual variation jn the apparent places of the stars, 
depending on the motion of the earth in her orbit, was not attended with 
any success. Copernicus attributed the absence of all sensible indication 
of parallax to the immense distance of the stars compared with the radius 
of the terrestrial orbit. Tycho Brahé, although possessing instruments of 
much more perfect construction than any hitherto employed for the pur- 
poses of astronomical observation, was unable to detect the slightest. trace. 
of an annual displacement in any of the stars. On the other hand, he 
estimated the stars of the first magnitude to have an apparent diameter 
of about 2’ or 3’. He asserted, therefore, that if the earth really moved 
round the sun, it would necessarily follow that the stars of the first 
magnitude exceeded in dimensions the whole amplitude of the terrestrial 
orbit, a conclusion, which appeared to him to be palpably absurd, and fatal 
to the Copernican theory of the universe. 

Galileo suggested a mode of investigating the parallax of the fixed 
stars, which has received more than one successful application in recent 
times. He remarked, that in those instanees wherein two stars of un- 
equal magnitudes are apparently very near to each other, it may be 
presumed that the smaller of the two -stars, appears so only from its 
being more distant, and therefore that its parallax may be considered ag 
insensible relative to the parallax of the larger star. He imagined, 
therefore, that by continuing to observe the position of the larger star 
with respect to the smaller, throughout the course of the year, the 
parallax of the larger star might be detected}. ‘This method obviously 


* Phil. Trans., 1829, p. 19, et seq. + Opere di Galileo, tome iv., p. 272; 
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afforded a more favourable chance of detecting the parallax of a fixed 
star, than that founded on observations of the absolute position of the 
star in the celestial sphere. It does not appear that Galileo attempted 
on any occasion to reduce it to practice, 

Hooke first employed the telescope in observations for the purpose of 
detecting the annual parallax of the fixed stars. In order to avoid the 
effects of refraction, he confined his observations to the star y Draconis, 
which passes near the zenith of Gresham College, London, where his 
observatory was established. From four observed zenith distances of the 
stars, as determined by him in the months of July, August, and October 
of the year 1669, with a zenith sector 36 feet long, he concluded that 
the star had an annual parallax, amounting to somewhere between 27” 
and 30”*. It is to be remarked, however, that Picard, a few years after- 
wards, observed the altitude of « Lyre at both solstices, but was unable 
to detect the slightest trace of parallax. 

Previous to the discovery of the Aberration of Light, the displacement 
due to that principle exhibited itself in the observations of several 
astronomers, who, in some instances, were induced erroneously to at- 
tribute it to the effects cf parallax. In all probability the variations in 
the apparent place of y Draconis, observed by Hooke, proceeded from 
this cause, This was certainly the case with respect to Flamsteed, who, 
from a scrics of observations of the zenith distance of the polar star, 
made by him at Greenwich with the mural are, between the years 1689 
and 1697, concluded that the star possessed an annual parallax equal 
to at loast 40”, J. Cassini shortly afterwards remarked, with justness, 
that the displacement indicated by the observations of Flamsteed, was 
incompatible with the supposition of its being produced by parallax§. 
It has been already mentioned, that the variations in the position of 
the pole star, detected by Flamsteed on this occasion, were, in reality, 
the results of aberration, the maximum yalue of which is deducible 
with an astonishing degree of accuracy from the observations of that 
astronomer). It may be mentioned, that, about the same time, Wallis 
suggested observations of the greatest azimuth, east or west of a circum- 
polar ster, as favourable for the detection of parallax, since, the effect of 
refraction would thereby be completely avoided. It does not appear that 
any astronomer attempted to reduce this method to practice. 

Horrebow states that, in the years 1692-3, Roemer remarked a series 
of irregularitics in the declinations of the stars, which could not be 
accounted for either by parallax or refraction, but which he suspected 
to arise from a variation in the position of the terrestrial axis, the theory 
of which he hoped to assign on some future occasion**. It cannot 
admit of any doubt that the anomalies observed by that distinguished 
astronomer were attributable to the effects of aberration which hitherto 
continued to be unaccounted for. Dismissing the declinations as not suffi- 
ciently trustworthy in so delicate an enquiry, Roemer attempted to deduce 
the parallax of the fixed stars from observations of their right ascensions. 
By a series of observations of Sirius and « Lyre, made at different 
seasons of the year, he found that the aggregate of the parallaxes of the 
two stars produced an annual variation in the difference of their right 









* « Attempts to Prove the Motion of the Earth,” p. 7. 

+ Lemonnier, Hist. Céleste, p. 252. ¢ Wallis’s “ Opera Mathematica,” tom. iii., p. 705. 
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ascensions, amounting to somewhere between 1™ and 13™, It has been 
proved by the observations of subsequent astronomers, that such a dis- 
placement could not have arisen from the effects of parallax. ‘The same 
may be said respecting a series of results which Horrebow deduced at a 
subsequent period from the observations of Roemer, and which he 
published with great confidence, as affording incontestable evidence of the 
motion of the earth, in his work entitled « Copernicus Triumphans.” 

dt has been already mentioned, that, in an attempt to establish the 
existence of a sensible parallax in y Draconis, Bradley was conducted 
to his immortal discovery of the aberration of light. This important 
result put an end to the anomalous irregularities which continued to 
affect the observations of astronomers, ever since they became sufficiently 
accurate to render sensible the displacement arising from that cause. It 
Was now evident that the parallax of the fixcd stars was in all cases 
vastly smaller than it had hitherto been supposed to be. Bradley was of 
Opinion that if the parallax of y Draconis hag amounted even to 1”, his 
observations with the zenith sector could not fail_to have detected its. 
existence *, 

Allusion has been made to the method proposed by Galileo for deter- 
mining the parallax of a star. The invention of the micrometer, about 
the middle of the seventeenth century, tended very much to enhance the 
practical utility of that method. It was robably this circumstance 
which induced James Gregory to recommend its application in a letter 
to Collins, the Secretary of the Royal Society, dated June 24, 1673+. 
Gregory does not seem to have been aware that Galileo had already 
suggested the same method. Huyghens appears to have been the person 
who first reduced it to practice. “IIc mentions, in one of his works, that 
he in vain attempted to detect any traces of an annual change in the 
relative position of the two stars composing the middle star in the tail of 
the Great Beary (¢ Ursa Majoris). In the following century Dr. Long 
endeavoured to detect a similar variation in the relative positions of 
several double stars, but all his efforts were fruitless$. It is to be 
remarked, with respect to the stars upon which he made his observations, 
that the component objects in each case were nearly equal in apparent, 
magnitude, whence it might be presumed that they were equally distant 
from the earth. The absence of an indication of change in their relative 
positions did not, therefore, necessarily imply the non-existence of a sen- 
sible parallax. ‘ 

, The parallax of the fixed stars was one of the carliest subjects which 
engaged the attention of Sir William Herschel'. Ie did not fail to 
perceive the many peculiar advantages which the method of Galileo 
offered, and, with a view to its practical application, he selected a great 
number of double stars, which, in consequence of the inequality of the 
component members, in every case appeared to be well adapted for that 
purpose, His labours on this occasion are memorable in the history of 
astronomy, on account of their having been instrumental in enabling him 
to establish the existence of a physical connexion between the bodies com- 
posing Double Stars. 

About the beginning of the present century, the celebrated Diazzi 
endeavoured to ascertain the parallax of some of the principal stars by 
means of their declinations, as observed with the famous altitude and 
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azimuth instrument of Ramsden. From such data he determined the 
paraliax of Sirius to be 4”, and that of Procyon to be 3”. The researches 
of subsequent astronomers have not confirmed these results; indeed, 
there was very little confidence reposed in them even at the time of 
their first announcement. The same may be said respecting the contem- 
poraneous labours of Calandrelli, the countryman of Piazzi, who, from 
observations of a Lyre at Rome, deduced a parallax of 8”.9. 

A few years afterwards Dr. Brinkley undertook a series of observa- 
tions of several of the principal stars, with the view of detecting the 
existence of a sensible parallax in some of them. His researches were 
founded on the declinations of the stars, as determined by him at the 
Observatory of Dublin, with a magnificent altitude and azimuth circle, 
eight feet in diameter, designed by Ramsden, and partially executed by 
that famous artist. The results at which he finally arrived seemed to 
indicate that some of the principal stars really possessed a parallax 
amounting to a few seconds of space, but their accuracy was disputed 
by Pond, the Astronomer Royal, who was unable to deduce analogous 
results from the observations with the mural circle, recently erected at 
Greenwich, A controversy thereupon arose between the two astronomers, 
which was maintained for several years with great vigour and ability on 
both sides, but which finally terminated, leaving the question at issue still 
undecided. It is now well ascertained that Pond was right in his conclu- 
sions, but it must be admitted, on the other hand, that the anomalous 
results obtained by his opponent have not been satisfactorily accounted , 
for. ‘This celebrated controversy, if it did not lead to the object originally 
contemplated by Brinkley, was not unproductive of advantages of great 
importance, in so far as the ultimate accomplishment of that object was 
concerned; since it had the effect of placing in a vastly clearer light than 
hitherto, the influence of the various disturbing causes which go to com- 
ees the observations of astronomers, and which completely efface the 

elicate variations arising from the parallax of the fixed stars, unless 
rigorously taken into account *. 

During the interval included between the years 1818 and 1821, M. 
Struve made a series of observations of circumpolar stars at Dorpat, 
with the view of detecting a sensible parallax in some of them. . His 
method consisted in observing the stars by pairs, selecting those which 
were nearly opposite in right ascension, so that the superior passage of 
one of the stars took place almost simultaneously with the inferior pas- 
sage of the other; and the evidence of parallax was sought for, by com- 
paring the differences of the right ascensions of the two stars as determined 
at various times throughout the year. The researches of M. Struve 
seemed to indicate the existence of a sensible parallax in several in- 
stances, but the results were in all cases so insignificant, and consequently 
the probability was so much the stronger of their being produced by 
disturbing causes, whose influence had not been taken into account, that, 
notwithstanding the acknowledged reputation of the astronomer to whom 
they were due, they did not generally command the confidence of the 
scientific world. 

In the year 1835 M. Struve commenced a series of observations with 
the view of detecting the parallax of the bright star « Lyre. The 
method pursued by him on this occasion, consisted in measuring with 

* See, on the subject of this controversy, the Philosophical Transactions for 1810- 
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a micrometer the distance between the star and another very small star, 
situate about 43” from it, repeating the operation at different seasons 
throughout the year. The result of this enquiry went to assign a parallax 
of 0.261 to the brighter of the two stars. 

Shortly afterwards, the existence of an annual variation of. sensible 
amount in the apparent position of a star, depending on the motion of 
the earth in her orbit, was established beyond all doubt, in two instances, 
by the independent labours of two contemporary astronomers. The stars, 
whose absolute distances have been thus ascertained, are 61 Cygni and 
a Centauri, the parallax of the former having been determined by Bessel, 
and that of the latter by the late Professor Henderson, of Edinburgh. It 
is impossible, within the limits to which we are confined, to do anything 
else than merely bestow a passing glanco on the important researches 
of these astronomers on this occasion. 

The star 61 Cygni, besides being double, is remarkable for an unusually 
large proper motion. It appears, in fact, from the observations of astro- 
nomers, to be transported through space with an annual motion of rather 
more than 5” of arc. This circumstance induced Bessel to suspect that 
its parallax must be very considerable, and he resolved accordingly to 
ascertain its amount. He chose for this purpose two very small stars, 
one at the distance of 11’.8 from the centre of the line joining the two 
component members of 61 Cygni, and the other at the distance of 7.7 
from the same point; and the establishment of the parallex of the star 
depended on the detection of an annual variation of these distances, as 
determined by observation at different seasons of the year. The distances 
were ascertained by means of a magnificent heliometer, which Fraun- 
hofer, of Munich, had recently executed for the Observatory of Kinigs- 
berg, and which, from the principle of its construction, was eminently 
adapted for micrometric measurements on so large a scale. The observa 
tions were commenced in the month of October, 1837, and were continued 
ull March, 1840. By a subsequent discussion of them, in which every 
imaginable cause of disturbance was taken into careful consideration, and 
its effect rigorously calculated, Bessel arrived at the final conclusion that 
the parallax of the star amounts to 0”.3483. This result has received a 
complete confirmation from the recent researches of M> Peters, who, from 
a series of zenith distances of the star, determined at the Observatory of 
Pulkowa during the years 1842-3, has found its parallax to be equal to 
07,349. 

It has been mentioned, that the other astronomer who succeeded in 
establishing by unequivocal evidence the existence of a sensible parallax 
in one of the fixed stars, was the late Professor Henderson, of Edinburgh. 
The double star, « Centauri, which was the object of his researches on 
that occasion, is one of the brightest sidereal objects in the southern he- 
misphere. His investigation was founded on the zenith distances of the 
star as observed by himself at the Cape of Good Hope, with a mural 
circle, during the years 1832-3. ‘These observations were made with the 
view of establishing the mean declination of the star. It wag only from 
a consideration of the large proper motion of the star, which amounts 
annually to 3”.6 of arc, that he was induced several years afterwards to 
institute an enquiry into its parallax. The result at which he arrived 
confirmed his previous suspicion, the star having been found by him to 
have a parallax of 17.16. The researches of Mr Macleax tha cannnen 
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existence of @ sensible parallax in the star, the final result obtained by him 
being only a small fraction less than that deduced by Henderson. From 
observations made at the Cape, during the years 1839-40, Mr. Maclear de- 
termined the parallax of the star to be 0”.9128, and from still more recent 
observations, extending down to 1848, he has found it to be 0.9187. The 
latter may be considered as the definitive value of the parallax of the star. 

The parallax of « Centauri, as determined by the researches of Mr. 
Maclear, assigns to the star a distance from the earth which may be said 
to amount, in round numbers, to 20 billions of miles. The successive 
propagation of light supplies the only means of formin; anything like an 
adequate conception of this immense distance. Now light traverses space 
at the rate of 192,000 miles in a second of time, and consequently the 
distance traversed in a year would extend to 6.059 billions of miles. 
Hence it follows, that notwithstanding the amazing velocity of this agent, 
it would require about three years and a quarter to pass from @ Centauri 
to the earth. The distance of 61 Cygni is about 60 billions of miles; 
consequently the light of that star does not reach the earth in less than 
ten years after its emission! eee 

Knowing the parallaxes of 61 Cygni and « Centauri, and also their 
apparent proper motions, it is hence easy to deduce the absolute amount 
of space through which cach of these stars is transported in the course of a 
year. Thus, in the case of 61 Cygni, which has au annual proper motion 
of about 5”, since the radius of the terrestrial orbit subtends only an angle 
of 0.848 when viewed at the distance of the star, it follows, that the 
space through which tho star is annually transported in virtue of its 
proper motion, exceeds the radius of the terrestrial orbit in the proportion 
of 6” to 0”.848. Now the radius of the terrestrial orbit may be, esti- 
mated, in vound numbers, at 95 millions of miles. Hence it may be ascer- 
tained, by a simple process of arithmetic, that the star, 61 Cygni, whose 


ind, and which in consequence was long regarded as a fixed star, is 
continually transported through space at the annual rate of 1338 millions 
of miles! In the samo way it may bé shewn, that the linear space 
through which # Centauri is transported in the course of a year, amounts 


eit motion can only be established by observations of the most delicate 
md, 


to no less than 871 millions of miles. It is manifest, from these. . 


numbers, that the epithet, fixed, can no longer be regarded as an appro- 
priate designation of any class of the celestial bodies. 

Allusion has been made to M. Strave's investigation of the parallax of 
a Lyre. The more recent researches of M. Peters, tend to prove that 
the star has a sensible parallax, although the result is considerably less 
than the parallax previously assigned to the star by M. Struve. As- 
suming the latter to be the true value, as being determined by a more 
‘trustworthy method than that founded on observations of the zenith 
distance of the star, which formed the groundwork of M. Peters’ re- 
searches, we may, by combining it with the light of the star as ascertained 
by the experiments of Wollaston, arrive at an evaluation of the absolute 
magnitude of the star. To this end it may be remarked that the parallax 
0”.261, arrived at by M. Struye, supposes the distance of « Lyre from 
the earth to exceed the distance of the sun from the earth in the propor- 
tion of about 800,000 to 1. Now if the sun was transported to this distance, 
it would follow, from the diminution of light according to the reciprocal 
of the square of the distance, that the actual light of the sun would ex- 
ceed the light he would then emit, in the proportion of 640,000 millions 
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toi, But Wollaston found that the actual light of the sun exceeded the 
light of « Lyre, only in the proportion of 180,000 millions to 1. It 
follows, therefore, that the light of « Lyra would exceed that of the sun 
placed at the same distance, in the proportion of 64 to 18, or, in other 
words, the light of « Lyre is equal to that afforded by 3.5 suns, 

Tn addition to the parallaxes of 61 Cygni and « Lyre, M. Peters has in- 
vestigated those of several other stars. The groundwork of his researches 
in all these instances consisted of a series of apparent zenith distances 
of the stars determined at the Observatory of Pulkowa, with the great 
vertical circle by Ertel, during the years 1842-8. The results have been 
employed by him in establishing the mean value of the parallax of a star 
of the second magnitude, which he finds to amount to 0”.116. Hence it. 
may be readily inferred that the light from one of such stars would not 
reach the earth in less than 28 years. Combining the result at which 
he had arrived relative to the mean parallax of a star of the second mag- 
nitude, with the relative distances of the stars of successive magnitudes, 
as determined by M. Struve, in his Etudes d'Astronomie Stellaive, M. 
Peters was enabled to estimate the parallaxes of the stars of the various 
orders, from the stars of the first magnitude down to the smallest stars 
visible in the 20-feet reflecting telescope of Herschel. In this manner 
he found that the distance of the smallest stars visible to the naked eye 
is such, that the light emitted by them does not reach the earth in less 

‘than 188 years. He also found that the light from one of the smallest 
stars visible in the 20-feet reflecting telescope of Herschel, occupied 
8541 years in traversing the distance betweon the star and the earth! 
These results can of course only be regarded as provisional, until obser- 
vations of sufficient delicacy be amassed, which shall form the groundwork 
of a more rigorous investigation of the subject; but, being founded upon 
principles which present a strict accordance with analogy, they cannot fail 
to prove highly interesting and suggestive to the reflecting mind. 

Although it was long generally supposed that the stars are absolutely 
immoveable with respect to each other, there were oceasionally indi- 
viduals of an original turn of mind who refused their assent to a prin- 
ciple which formed so striking an anomaly to all the other arrangements 
of nature, and who ventured to suggest the probability of a motion of the 
stars, inter se, before the observations of astronomers acquired a suf- 
ficient degree of precision to indicate even the slightest trace of its 
real existence. Among these may be mentioned Jordano Bruno, an 
Italian philosopher of the sixteenth century, whose abjuration of the 
Romish faith, and vigorous exposure of the fallacies of the Aristotelian 
physics, the adherents of which were closely leagued with the Church in 
repressing all rational enquiry, unfortunately led to the forfeiture of his 
life. This daring, although somewhat eccentric individual, believed that 
the stars are all equal to the sun in magnitude and splendour; and that 
the universe is peopled with an innumerable multitude of such bodies. 
He maintained that we are not warranted in supposing that they are all 
fixed with respect to each other, since their distance from the earth is so 
immense, that it would be difficult to estimate their motions; and he 
remarked, that it could only be decided after a long course of observation, 
whether the stars revolved round each other, or what other motions they 
might have*, Hooke, whose genius threw a gleam of light on every 


* Jordano Bruno was born about the middle of the sixteenth century, at Nole, in 
the kingdom of Naples. In early life he entered the order of Dominicans; but having 
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subject of physics which engaged his attention, did not fail to perceive 
the improbability of the stars being absolutely fixed with respect to each 
other, and he suggested that not only these bodies, but the whole aolar 
system might be in a state of continual motion *. 

The first person who suspected, from observation, that the stars have a 
proper motion, was the celebrated Edmund Halley. His remarks on the 
subject are contained in a paper which is inserted in the Philosophical 
Transactions for 1718. By comparing the observations of the earlier 
astronomers of the Alexandrian school with those of more recent times, 
he was led to conjecture that the stars Aldebaran, Arcturus, and Sirius 
were advancing slowly towards the south. In 1788 J. Cassini commu. 
nicated a memoir on the same subject to the Academy of Sciences, which 
“served to confirm the justness of Halley’s surmise. By comparing the 
observations of Arcturus made by Richer, at Cayenne, in 1672, with 
similar observatiins executed in his own time at Paris, he found that the 
latitude of the star had undergone a sensible change during the included 
interval. It was still uncertain, however, whether this proceeded from a 
displacement of the ecliptic, or from an actual change in the position of 
the star. J. Cassini demonstrated, by the most conclusive evidence, that 
the phenomenon was attributable to the latter cause. He found, in fact, 
that while Arcturus had shifted to the extent of 5’ in latitude since the 
time of Tycho Brahé, the star » Bootes, situate in its vicinity, did not 
exhibit any sensible displacement. Now the change of latitude ought to 
have been sensibly the same for both stars if it had arisen from a dis- 
placement of the ecliptic. It was therefore manifestly due to an altera- 
tion in the position of Arcturus with respect to the other stars +. 

Bradley, in the paper containing the account of his discovery of the 
nutation of the earth’s axis, inserted in the Philosophical Transactions for 
1748, has remarked, that the apparent motions of the stars may arise 
either from a motion of the solar system in space, or from a real change 
in the positions of the stars themselves; but he considered that many 
ages would elapse before it would be possible to arrive at a definitive con: 
clusion on the subject. 

The motion of the solar system in space formed part of the cosmical 
system of Thomas Wright, propounded by him in his “ Theory of the 


become disgusted with the corrupt morals of his brother monks, he soon afterwards 
retired from the cloister. About the year 1580 he repaired to Geneva, where he abjured 
the Romish faith, and embraced the doctrines of Calvin. It does not appear, however, 
that he was a steadfast adherent to the principles of his new creed. From Geneva he 
passed into France, and afterwards visited England and Germany. During his residence 
in these countries he distinguished himself by the originality of his ideas on different 
subjects of philosophy, and by his merciless exposure of the absurdities of the school- 
men. Being naturally desirous of revisiting his native country, he proceeded to Venice 
in 1598 ; but he had no sooner arrived in that city than he was arrested, and sent as a 
prisoner to Rome. Here he was detained for two years in the dungeons of the Inqui- 
sition, without being brought to trial. At length, on the 9th of February, 1600, he was 
condemned to die the death of a heretic and infidel. It is said, that when his sentence 
was read to him, he replied to his judges in the following terms :—“ This sentence, pro- 
nounced in the name of a God of mercy, terrifies you more than it does me.” In pur- 
suance of the sentence, the unfortunate man was carried to the place of execution on 
the 17th of thesame month, and forthwith committed to the lames. There is reason to 
suspect that, as in the more lenient case of Galileo, the baffied Aristotelians bad some 
complicity with the Romish Church in the perpetration of this atrocious crime. Jordano 
Bruno was the author of a great number of works on philosophy, all of which display 
great boldness and originality of thought. 
* Posthumous Works, p. 506. 
t Mém. Acad. des Sciences, 1788, p. 337. 
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Universe,” published in 1750*. He supposes that the sun, with his 
cortege of planets, as well as all the stars of the firmament, are in 
continual motion. We shall have again occasion to refer to the specula- 
tions of this individual. 

Mayer was the first astronomer who endeavoured to deduce some defi- 
nite result from an examination of the proper motions of the stars. 
His researches on the subject are contained in a memoir which he com. 
municated to the Aeademy of Sciences of Gottingen, in 1760, and which 
was subsequently inserted in vol. i. of his “ Opera Inedita,” published 
in 1771, They were based upon the proper motions of 80 stars, deter~ 
mined by a comparison of the observations of Roemer, in 1706, with 
corresponding observations of his own and Lacaille’s, in 1750 and 1736. 
He remarked, that if the solar system was advancing towards any deter- 
minate part of the celestial sphere, it would necessarily follow that the 
stars in that region would appear to be gradually approaching together, 
whereas in the opposite region they would seem to be withdrawing more 
and more apart from each other. He arrived, however, at the conclusion 
that the observed proper motiéns of the stars did not afford evidence-of 
the solar system being transported through space towards any particular 
region of the heavens. 

In 1783 Herschel examined the same subject, and arrived at a concla- 
sion diametrically opposed to that of Mayer. His investigation was 
founded, in the first instance, upon the proper motions of seven principal 
stars, as determined by Maskelyne. These data seemed to indicate that 
the solar system was advancing towards a point in the constellation of - 
Hercules, corresponding to about 257° of right ascension. An examina- 
tion of the proper motions of several of the stars contained in Mayer's 
list tended to confirm this opinion. He arrived at the final conclusion, 
that by taking a point somewhat to the north of the star a Hereculis, 
the observed proper motions would be reconciled to a great extent with 
the hypothesis of a motion of the solar system in that direction. The 
point thus assigned by him was situate in 257° of right ascension and 25° 
north declination +. 

The same. year which produced the researches of Herschel on the 
motion of the solar system in space, was also distinguished by a similar 
investigation on the part of Prevost. By a discussion of Mayer's proper 
motions, he found that the solar system was advancing towards a point 
situate in 280° of right ascension arid 25° north declination. 

The subject of the motion of the solar system in space was subse- 
quently considered by Klugel in the Berlin Ephemeris for 1789. His 
researches were founded on the proper motions contained in Mayer's list. 
He found that the apex of the solar motion was situate in 260° of right 
ascension and 27° north declination. This result presented a very satis- 
factory agreement with that obtained by Herschel. 

In 1805 Sir W. Herschel communicated to the Royal Society a second 
paper on the motion of the solar system. His researches on this occa- 
sion were based upon Maskelyne’s catalogue of the proper motions of 36 
stars published in 1790. He obtained for the solar apex a position whose 
right ascension was 245° 52’ 30” and north declination 49° 38’. This 
result differed considerably from that to which his previous researches had 
conducted him. 


* « An Original Theory, or New Hypothesi: 
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Biot, in the additions to his Astronomie Physique, published in 1812, 
has considered the subject of the motion of the solar system in space. 
An investigation, based on the proper motions of several stars, as deter- 
mined by a comparison of the observations of Bradley and Mayer with 
those of Maskelyne and Piazzi, induced him to conclude that there did 
not exist sufficient grounds for believing that the solar system is advanc- 
ing towards any determinate point of the heavens. The same conclusion 
was arrived at in the year 1818 by Bessel, who examined the subject in 
the Fundamenta Astronomic, the groundwork of his researches consisting 
of the proper motions of a considerable number of stars, determined by a 
comparison of the observations of Bradley with those of Piazzi, 

No enquirer seems to have attempted to verify or disprove the assertion 
of Bessel until Argelander was induced to direct his attention to the sub- 
ject. The researches of that distinguished astronomer were published in 
the year 1837, in vol. ili. of the “ Ifémotres Presentés par Divers Savans,” 
of the Academy of St. Petersburg. They were based upon the proper 
motions of 390 stars, determined by a comparison of the observations of 
Bradley with those exccuted by himself at Abo. The result at which he 
arrived was favourable to the supposition of the motion of the solar system 
in spece. The following are the co-ordinates of the point towards which 
he found it to be advancing, referred to the mean equinox of 1792:—. 





Right Ascension, Declination North. 
259° 47.6 32° 29.5, 


This result, deduced by a method founded upon some of the most refined 
principles of mathematical investigation, prescnts a remarkable agree~ 
ment with the rough determination of Herschel in 1783. 

The next_person who undertook to investigate the subject of the solar 
motion was Lundahl. His researches were based upon the proper motions 
of about 150 stars, determined by a comparison of the observations of 
Bradley with those of Pond. Ho obiained, for the apex of the solar 
motion, the following co-ordinates, reduced to the mean equinox of 1792 :— 


Right Ascension. Declination North, 
252° 24.4 14° 267.1. 


This result presents a considerable discordance with most of those hitherto 
deduced. 

M. Otto Struve soon afterwards undertook the investigation of this 
interesting subject. His researches were based on the proper motions of 
about 400 stars, determined by a comparison of their places, as observed 
by Bradley, with those deduced from the observations of M. Struve at 
Dorpat. The following are the co-ordinates he obtained for the apex of 
solar motion, reduced to the beginning of the year 1790 :— 

Right Ascension, Declination North, 
261° 237.1 37° 35.7. 


By combining this result with the corresponding results arrived at by 
Argelander and Lundahl, M. Otto Struve determined the co-ordinates of 
the point in the celestial sphere, towards which the sun is advancing 
to be :— 

Right Ascension. Declination North, 
R59° 97.4 34° 367.5 
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This may be considered as the definitive position of the apex of solar 
motion, deducible from the proper motions of stars in the northern hemi~ 
sphere, as hitherto determined. A remarkable confirmation of its accu- 
racy has been recently afforded by the researclies of Mr. Galloway on the 
same subject, founded on the observations of stars in the southern hemi- 
sphere *. The data which formed the groundwork of Mr. Galloway's 
investigation, consisted of the proper motions of 81 stars, determined by 
a comparison of their places, as assigned by Lacaille, about the middle of 
the eighteenth century, with those deducible from the modern observa- 
tions of Johnson and Henderson. The following are the values of the 
co-ordinates which he obtained for the apex of solar motion, the epoch of 
the mean equinox being the beginning of 1790 :— 

Right Ascension. Declination North. 
259° 467.2 32° 29'.6. 

Mr. Main, of the Royal Observatory, Greenwich, has recently commu- 
nicated to the Astronomical Society 'a paper on the proper motions of 
875 stars, which may be considered as establishing, beyond all doubt, the 
general accuracy of the various investigations above referred to +. 

The researches of M. Otto Struve have conducted him to a deter- 
mination of the actual velocity with which the solar systema is being trans- 
ported through space. Having found that the space traversed by the sun 
in a year would subtend an are equal to 0”.3392, if viewed at the mean 
distance of stars of the first magnitude, and having, moreover, ascer- 
tained that the mean parallax of the stars of the latter class amounted to 
0,209, he was enabled hence to conclude that the space through which 
the solar system annually moves, exceeds the radius of the terrestrial 
orbit in the proportion of 0.8392 to 0.209. In this manner he found 
that the absolute space traversed by the solar system in the course of a 
year amounts to 1.623 radii of the terrestrial orbit, which is equivalent to’ 
154 millions of miles, Comparing this result with the corresponding 

- results obtained for 61 Cygni, and « Centauri, we have— 


The sun . : . a « 154 millions of miles. 
e Centauri ‘ i “ x 371 is ay 
61 Cygni . é < ‘ ~ 1833 3 % 


These numbers are fairly comparable with each other, and are very 
interesting on account of the analogy which they exhibit as existing 
between the sun and the stars. 

The elder Struve has thus summed up the results to which the three 
astronomers, MM. Argelander, O. Struve, and Peters have been conducted 
by their researches in stellar astronomy:— The motion of the solar 
system in space is directed to a point in the celestial sphere, situate on the 
right line, which joins the two stars of the third magnitude, = and y Her. 
culis, at a quarter of the apparent distance between these stars, measured 
Jrom x Hereulis. The velocity of this motion is such, that the sun, with 
the whole cortege of bodies depending on him, advances annually in the 
direction indicated, through a space equal to 1.623 radii of the terrestrial 
orbit, or 154 millions of miles.”t 

Although the recent researches of astronomers have thus fully esta- 
blished that the sun, and his attendant planets, are at present advancing 


* Phil. Trans., 1847, 
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towards a determinate point in the heavens, it would be inconsistent with 
analogy to suppose that the motion will always be directed towards the 
same point. From a consideration of all the other celestial movements 
that have been hitherto recognised by astronomers, it is impossible to 
avoid the conclusion that the path traced out by the sun is in reality cur- 
vilinear. But, indeed, motion in a right line would be utterly incom- 
patible with the principle of gravitation, as established by Newton, between 
the different parts of the material universe. It can hardly be doubted, 
therefore, that the apex of solar motion is slowly shifting its position in 
the celestial sphere, and that it will eventually exhibit a sensible displace- 
ment. It is not improbable that by thus tracing out the path of the solar 
apex in the heavens, the actual path of the sun in absolute space may be 
one day determined. ‘This would, indeed, be a magnificent triumph of 
inductive science; but a countless series of ages may, perhaps, elapse 
before its achievement will be realised. 

Guided, also, by the analogy of the planets and satellites revolving 
round their respective primaries, several enquirers into the cosmical struc- 
ture of the heavens have come to the conclusion, that the whole solar” 
system is revolving round some central body. This principle formed part 
of the system of Wright, as expounded in his remarkable work on the 
“Theory of the Universe,” to which allusion has already been made. It 
was also maintained by his successors, Kant, Lambert, and Michell. Sir 
William Herschel has cautiously absfhined from expressing a decided 
opinion upon this point. In more recent times M. Madler has made the 
hypothesis of a central sun the groundwork of some very remarkable 
speculations. His final conclusion is, that the Pleiades may be regarded 
as the central group of the stars composing the system of the milky way, 
and that the bright star of that group, Alcyone, is the central body, round 
which they are all revolving. It is manifest that all such speculations 
are far in advance of practical astronomy, and therefore they must be 
regarded as premature, however probable may be the suppositions on 
which they are based, or however skilfully they may be connected with 
the actual observations of astronomers. ; 

When astronomical observations came to be made with telescopes pos- 
sessing « considerable degree of optical power, it was found that several 
stars, which to the naked cye appeared single, consisted in reality of two 
stars, so very near to cach other that they severally failed to produce an 
impression of their individuality upon the unaided organ of vision. As 
early as the middle of the seventeenth century, Riccioli remarked that 
the star in the middle of the tail of the Great Bear ({ Urse Majoris), 
when observed with the telescope, was found to exhibit the appearance of. 
two distinct stars in close juxtaposition* A few years afterwards a 
similar remark was made by Hooke with respect to the double star y 
Arietis}. Several other stars, such as « Geminorum or Castor, y Vir- 
ginis, &c., were also found to be double, about the beginning of the seven- 
teenth century. The star 4 Orionis, in the middle of the great nebula, 
discovered by Huyghens in 1656, even presented the appearance of three 
distinct stars in close proximity to each other. 

Occasional discoveries of double stars continued to be made throughout 
the eighteenth century ; but these objects cannot be said to have excited 


* Almag. Nov., tom. i., part i., p. 422. 
«saat “Attempt to prove the Motion of the Earth,” p. 7 (1674). 
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a general interest among astronomers until Sir William Herschel directed 
his attention to them. In the year 1779, that illustrious astronomer 
undertook an extensive examination of the heavens with a view to the 
discovery of double stars, hoping that he might be enabled in some in- 
stances to establish an annual change in the relative positions of the two 
component members, which might indicate the existence of a sensible 
parallax, In 1782 he exhibited the first fruits of his labours by commu- 
nicating to the Royal Society a paper containing the plases of 269 double 
stars, together with the distances of the component members, and algo 
their angles of position corresponding to a given epoch. Of the stars 
contained in this catalogue there were 227 which had not hitherto been 
recognized as double by any observer*. In 1785 Herschel commu- 
nicated to, the Royal Society a second catalogue of double stars, containing 
434 more of such interesting objects +. 

Michell appears to have been the first person who suggested that the 
close proximity of the constituent members of double sturs was owing 
to some physical connexion existing between them. In a remarkable 
paper, which he communicated to the Royal Society, he presented thid 
view of the subject in a very strong light, by an application of the doc- 
trine of probabilities to the theory of the distribution of the stars in the 
celestial sphere}. In a subsequent communication, which appears in the 
Philosophical Transactions for 1784, he expressed his firm conviction that 
the double and triple stars discovered by Herschel were so many systems 
of stars, so near to each other as to be liable to be affected by their 
mutual gravitation ; and he considered it as not unlikely that the periods 
of the revolutions of some of these about their principals might some 
time or other be discovered §. 

If double stars formed in reality independent systems, maintained 
under the influence of the principle of gravitation, it would follow as a 
necessary consequence, that the constituent members of cach system 
would be subject to a constant change of relative position from their revo- 
lution round their common centre of gravity. It is worthy of remark, 
however, that there is another fact connected with double stars whieh, 
when established by observation, affords equally unequivocal evidence of 
the physical connexion of the constituent members. If amoug those 
double stars which have a sensible proper motion, it be found in any 
instance that both stars are transported with the same apparent ve- 
locity, we have just grounds for believing that a physical relation exists 
between them. Such a fact had been uoticed towards the close of the 
eighteenth century, but, strange to say, the astronomer who directed at- 
tention to it, did uot perceive the legitimate conclusion which was deducible 
from it. The bright star Castor, besides being double, is, moreover, re- 
markable for a sensible proper motion, which amounts to about 0.15 of 
Space every year. Now, Dr. Horusby remarked, in the year 1798, that 
notwithstanding the large proper motion of this star, the mutual distance 
of the two constituent members did not seem to have undergone any 
change during a period of twenty years embraced by his observatious. 
The only conclusion which he drew from this remarkable fact was, that 
both stars were moving with the same velocity and in the sume direction {J. 


* Phil. Trans., 1782, p. 112, et seq. + Ibid. 1783, p. 40, et seq. 
+ Ibid., 1767, p. 234, et seq. § Ibid, 1784, p. 36, et seq. 
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The glory of establishing the physical theory of Double Stars upon 
the solid basis of observation and sound reasoning was reserved for Sir 
William Herschel. The results of his researches on this occasion are 
contained in two papers communicated-by him to the Royal Society, 
which are inserted in the Philosophical Transactions of that body for the 
years 1803 and 1804*. By a comparison of his earlier observations of 
a great number of double stars, with corresponding observations made 
after an interval of about twenty years had elapsed, he found that in 
many instances the relative positions of the constituent bodies had 
undergone a sensible change. He demonstrated by incontrovertible rea- 
soning, that all those double stars, which afforded evidence of such a 
change of relative position in the constituent members, formed so many 
independent systems of bodies revolving under the influence of their 
mutual attraction around their common centre of gravity. He even car- 
ried his researches so far as to assign the periods of revolution of. several 
of these Binary Systems. ‘I'hns to Castor he assigned a period of 342 
years, to } Serpentis, a period of years, and to y Leonis, a period 
of 1200 years. ‘These numbers were of course assigned merely as rough 
approxiinations to the trae periods of revolution. 

‘The last contribution of Sir William Herschel, on the subject of 
Double Stars, was a paper which he communicated to the Astronomical 
Society upon the oceasion of its establishment in the year 1820. Tt con- 
tains the places of 145 double stars. with their distances and angles of 
position at certain epochs, The observations which form the groundwork 
of this catalogue appear to have becn all anterior to the year 1802, 

- In 1824 fresh interest was awakened in the subject of Double Stars by 
the communication of a paper to the Royal Society on the part of Sir 
John Herschel and Sir James South, containing the results of their joint 
labours in this field of enquiry. This paper contained micrometrical 
measures of $80 double and triple stars, carefully observed with a 7-fect 
equatorial. A comparison of these measures with the earlier obser- 
vations of Sir William Herschel, aflorded in many instances an interest- 
ing confirmation of the result arrived at by that astronomer relative to 
the physical connexion of the constituent members of double stars. One 
of the obj composing the double star, 7 Corona, had accomplished a 
complete eirenit round its primary, and already well advanced ina 
second revolution. ‘Ihe star + Serpentarii, which Sir William Herschel 
in his first catalogue communicated to the Royal Society had stated to be 
double, no longer exhibited the slightest trace of duplicity—one of the 
constituent stars haying been now exactly projected upon the other in 
virtue of its relative motion, On the other hand, £ Orionis, which Sir 
William Herschel had marked as a single star, was now recognised to be 
double even in telescopes of moderate powert. 

In 1826 Sit James South communicated to the Royal Society a paper 
containing micrometrical measures of 458 double stars executed solely 
by himself. The results of Sir John Herschel’s subsequent labours in 
the same field, exclusive of his more recent observations in the-southern 
hemisphere, are contained in a series of papers communicated by him at 
different times to the Astronomical Society. The stars whose duplicity 
was recognised by him on this oceasion, amount in number to 3347, being 





























* Phil. Trans., 1803, p. 339, et seq. ; 1804, p. 353, et seq. 
+ Annuaire, 1834. 
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such as he happened to meet with, while engaged in an extensive survey 
of the nebular contents of the heavens with a 20-feet reflector. The 
original observations were transmitted to the Society in six successive 
catalogues; but as they were considered by their author to be subordinate 
to the main object of his labours, they did not possess any pretension to 
extreme accuracy, He, however, communicated to the Society two papers 
containing micrometrical measures of a considerable number of double 
stars, carefully determined with a 7-feet equatorial *. 

No astronomer of the present day has contributed in so high.a degree 
to the advancement of the subject of Double Stars as the illustrious M. 
Struve. His labours in this interesting field of astronomical enquiry 
were commenced in the year 1813, upon his being appointed Director of 
the Observatory of Dorpat. He continued to prosccuté them with more or 
less assiduity till the year 1824+, when, having obtained possession of a 
magnificent refractor of 9.9 inches aperture, executed by l'vaunhofer, he 
conceived the design of examining with it all the stars down to the 
eighth magnitude, situate between the north pole and 15° of south decli- 
nation. This design was f¢llowed up by him with admirable perseverance 
during many years {. In 1837, he finally published the results of his 
labours in a Jarge folio volume §. It contains micrometrical measures of: 
the distances and angles of position as well as the approximate places of 
3112 double stars, as determined between the years 1824 and 1836, 
besides the results of his earlier labours on the same subject, extending 
from 1818 to 1824. 

While M. Struve was engaged in his extensive micrometric measure- 
ments of double stars, an important advance was made in the theory of 
the movements of bodies of this class. ‘lhe growing evidence of a 
physical connexion between the constituent members of double stars, 
which was afforded in many instances by a comparison of the more recent 
with the earlier observations of astronomers, suggested the possibility of 
deducing from observation the clements of the elliptic orbit, in which it 
was presumed that the one star revolved around the other. Researches 
undertaken with a view to effect this object were attended with complete 
success, To M. Savary is due the honour of having first demonstrated 
that the elements of the orbit of a double star might be derived from a 
determinate number of the observed distances and angles of position of 
the star. In the Connaissance des Temps for 1830, he has explained a 
method invented by him for the attainment of this end, and has exhibited 
a proof of its practical utility by employing it in calculating the elements 
of the orbit of the double star  Ursw Majoris. M. Encke shortly after- 
wards assigned a method of his own, by means of which he computed the 


* Mem. Ast. Soc., vols. v., viii, - 

+ In 1822, he published a catalogue of 795 double stars which had passed under his 
examination since the commencement of his labours at Dorpat. 

¢ In 1827, he published a catalogue of about.8000 double stars, which he detected 
during the first two years of bis labours, with the great refractor. In the course 
of his survey on that occasion he examined no fewer than 120,000 stars! The objects 
of this catalogue were chiefly those of which he published the micrometrie measures in 
1837. 

§ “Stellarum Duplicium, &c., Mensure Micrometrica per magnum Fraunhoferi 
tubum, 1824-37, specula Dorpatensi institute; adjecta, Synopsis Observationum de 
Stellis Compositis, 1814-24, per minora instrumenta,” folio, Petrop, 1837. In 1845, M. 
Struve published a catalogue of 514 double and multiple stars discovered at Pulkowa 
with the great refractor of 14.9 inches aperture, 
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elements of the orbit of the double star 70 Ophiuchi. A third method, 
totally different from either of the two others just mentioned, was in- 
vented about the same time by Sir John Herschel *. 

‘The elements of a considerable number of double stars have been cal- 
culated by one or other of the methods above referred to, and an elliptic 
orbit has thus, in each instance, been deduced, in the focus of which the 
primary star is supposed to be situate. The place of the revolving star 
has then been computed in a great many different positions of its orbit, 
upon the supposition that the motion is regulated by a force tending con 
stantly to the focus, and the results have been compared with the cor- 
responding places assigned by.observation. The observed and-computed 
places of the star have thus been found in general to agree within the 
limits assigned by the probable errors of observation. We are therefore 
warranted in concluding that the principle of gravitation, as announced 
by Newton, extends to systems of bodies placed at an almost inconceivable 
distance from the earth, and that ly its controlling agency those systems 
are perpetually upheld. ‘his may be justly asserted to be one of the 
most sublime truths which Astronomical Science has hitherto disclosed to 
the rese sof the human mind. 

No mention has hitherto been made of observations of double stars in 
the southern hemisphere. A considerable stock of such observations has, 
however, been already amassed. In 1828, Mr. Dunlop communicated to 
the Astronomical Society a catelogue of 253 double stars observed hy 
him at Paramatta, in New South Wales. When Sir John Herschel was . 
engaged at the Cape of Good Hope, in examining the nebulw of the 
southern hemisphere with his 20-feet reflector, he did not fail to make 
observations of such double stars as he happened to meet with. The - 
number of such objects which he thus detected in the course of his 
sweeps amounted to 2095, Accurate micrometrical measures were. also 
maade by him with his 7-feet equatorial. 

With respect to those stars which have been discovered by astronomers ~ 
to be double, many are doubtless merely optically so, their apparent 








‘proximity arising from the circumstance of their being situate nearly in °° 


" the same line of vision. It is only in those eases wherein a change in 
the relative position of the two stars las beon established by a comparison’. 
of observations made at different times, that we are enabled definitively 
to infer the existence of a physical connexion. It is to be remarked, ° 
however, that the lapse of time is constantly unfolding indications of 
such changes, and is thereby leading to a continual increase of the 
number of stars recognised as ph ly double, Stellar objects of this 
class have been distingnished from stars that are merely optically double 
by the appellation of Binary Systems. z 

The subject of Double Stars has ugaged the attention of several astro- 
nomers of récent times, besides those to whose labours allusion has just 
been made. In this country, Captain Smyth, R.N., and the Rev. Mr. 
Dawes, have especially distinguished themselves by their exquisite obser- 
vations connected with this department of sidereal astronomy. The 
Bedford Catalogue, executed by Capt. Smyth, and inserted in vol. ii. of, 
his “ Cycle of ‘Celestial Objects,” contains the results of observations of 
the most interesting double and multiple stars, of which the primaries 
are in Piazzi’s catalogue. It comprises 580 double stars, 20 binary 








* Mem, Ast. Soe., vol. y. 
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systems, and 80 triple and multiple stara*, The micrometric measures 
of these objects were executed by Capt. Smyth, at a private observatory 
which he erected at Bedford. ‘This is one of several instances in which 
we have had occasion to allude to the labours of officers in the naval and 
military service of this country, who have adorned their profession by an 
enthusiastic devotion to scierttific pursuits, The results of Mr. Dawes’ 
micrometric measurements of double stars are contained in several import- 
ant papers communicated by him on various occasions to the Astronomical 
Society, and subsequently inserted in the “ Memoirs” of that body. 

Among the astronomers of the Continent who, besides the elder Struve, 
have oceupied themselves with observations of double stars, the illustrious 
Bessel is entitled to the first place. In the present day, M. Madler has 
acquired just distinction by his labours in this interesting branch of astro- 
nomy. The theory of the subject has recently received some important 
clucidations from the researches of M. Yvon Villarceau, of Paris. 

We now proceed to notice briefly the history of the Nebule of the 
celestial regions. Ptolemy has inserted five stars in his catalogue, which, 
on account of their hazy aspect, he distinguished by the appellation of 
Cloudy Stars. When these objects were examined with the telescope, they 
were found, in each instance, to consist of a cluster of stars situate so 
near to each other, that they failed to produce an impression of their dis- 
tinet existence upon the naked eye. In the year 1612, however, Simon 
Marius, the German astronomer, discovered a nebulous object, which 
appeared to be of a totally different nature from any of those hitherto 
discovered. ‘To the naked eye, indeed, it presented a dull nebulous 
aspect, like the other objects of the same class; but when examined with 
the telescope, it did not exhibit any indications of a sidereal structure. 
There were merely visible some faint rays of light, inereasing in bright- 
uesa towards the centre. ‘The nucleus consisted of a dim light, fading 
away insensibly on all sides. Marius compared its appearance to that 
presented by the flame of a candle shining at night through a transparent 
hornt. In 1656, Huyghens discovered another nebula of this class in 
the middle of the sword of Orion. It struck its distinguished discoverer 
with amazement, as something totally different in its nature from those 
sidereal aggregations of which nebulous objects had hitherto been found 
to consist. The aspect of the heavens around this nebulous light aas 
intensely black, a circumstance which suggested to Huyghens the idea of 
the phenomenon being occasioned by looking through an aperture in the 
heayens into a luminous region beyond. 

In the year 1714, Halley communicated a short paper to the Royal 
Society, in which he gave an account of the various nebule with which he 
was acquainted as having been hitherto yecognised by astronomers§. In 
number they amounted only to six. Two of these were the ngbulw above 
mentioned. Another was situate between the head and bow of Sagit- 
tarius; according to Halley it was discovered by Abraham Thle in 1665. 

* The Bedford Catalogue also comprises monographs of 170 nebule and clusters, 
which Capt, Smyth had selected for observation from Messier's Catalogue, and from the 
Papers of the two Hersehelz. The “ Cycle of Celestial Objects ” was published in two 
volumes in 1844, and is justly esteemed to be one of the most instructive and delightful 
works on astronomy in our language. 

+ Simon Marius has given an account of his discovery of this nebula in the preface to 
his “ Mundus Jovialis,” published in 1612. 


% Opera Varia, tong. ii., p. 540 (Systema Saturnium). 
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A fourth was in the constellation Centaurus, and was marked by Bayer 
with the Greek letter «; it was discovered by Halley at St. Helena, in 
1677, while engaged in observing the stars of the southern hemisphere. 
A fifth preceded the right foot of Antinous; it was discovered by Kirch 
in 1681. The sixth was discovered by Halley in 1714; it was situate in 
the right line joining the stars » and ¢ Of the constellation Hercules. 
Halley was of opinion that the light of these objects came from an 
extraordinary distance, Je supposed it to be occasioned'by a lucid 
medium diffused throughout the ether, and shining with its own proper 
lustre. 

If Halley had consulted the observations of Hevelius, he would have 
been enabled to assign a more ample list of nebule than that contained 
in his paper to the Royal Society. In the Philosophical Transactions for 
1783, Derham has enumerated sixteen nebule, in addition to those con- 

* tained in Halley's paper, which he extracted from the observations of the 
astronomer just cited. 

An important contribution to the existing stock of nebula was made 
by Lacaille. In 1755, that distinguished astronomer communicated to 
the Academy of Sciences a catalogue of 42 nebule in the southern 
hemisphere, observed by him during his residence at the Cape of Good 
Hope*. hey were divided by him into three distinct classes, each of 
which contained an equal number of objects. The first class contained 
all those nebulw which failed to afford any indications of a sidereal struc- 
ture. They were assimilated by Lacaille to small patches of the Milky 
Way. ‘The objects of the second class were nebulous ouly in appearance, 
consisting in reality of so many congeries of stars, whose close proximity 
rendered them individually imperceptible to the naked eye. The objects 
of the third class were stars surrounded by a nebulous substance. He sup- 
poved that the latter were identical in structure with the nebule of the first 
elags, and that the appearance of stars in the midst of them was merely . 
accidental, arising in each case from the circumstance of. the nebula and 
the star being both projected on the same region of the heavens. 

Messier was the next astronomer who by his observations contributed 
to the enlargement of the number of recognised nebule. His first col- 
lection of these objects was published in the Memoirs of the Academy of 
Sciences for 1771. This list contained 45 nebule and clusters of stars, 
It was subsequently inserted, with successive additions, in the volumes 
of the Connaissance des Temps for 1783 and 1784, the number of objects 
in the last instauce amounting to 103. Messier did not pronounce any’ 
opinion respecting the nature or physical constitution of the nebule; 
but, with the view of arriving at. some conclusion on this subject, he * 
recommended to future astronomers to make careful observations of them, 
in order to ascertain whether they exhibited any indications of a change 
of form or structure. 

It appears from the foregoing brief notice of the nebule discovered by 
astronomers previous to the time of Sir William Herschel, that their 
number did not altogether amount to one hundred and fifty. In 1786, it 
received a notable accession from the labours of that distinguished astro- 
nomer, who communicated to the Royal Socicty a catalogue of 1000 new 
nebule and clusters of starst. In 1789, he communicated to the same 





™ Mém, Acad, des Sciences, 1755, p. 194, et seq. 
t Phil. Trans. 1786, p. 457, et seq. 
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Society 2 second catalogue, containing 1000 additional nebule* and 
clusters, and in 1802, a third catalogue, which included 500 more of 
similar objects}. The nebula and clusters in each of these catalogues 
were distributed by Herschel into eight different classes; but this mode ‘ 
of arrangement had reference to the convenience of the astronomer who 
might be desirous of re-examining the objects; rather than to any pecu- 
liavities of physical structure. In the paper containing his third cata- 
logue, he has enumerated the various objects of which he considered the 
fabric of the material universe to be composed. They are distributed by 
him into twelve differout classes. A brief notice of each of these in 
succession may serve to acquaint the reader, in some degree, with the 
ideas entertained by Herschel on the construction of the material uni- 
verse. 

I. Insulated Stars.—Under this class, Herschel comprehended all those 
stars which do not afford any indication of being resolvable into two or 
more constituent objects. Among the stars-of this class ave included 
Arcturus, Capella, Sirius, Canopus, and the Sun. He supposed each of 
these'stars to be sufliciently insulated in space, not to be sensibly affected 
by the attraction of the other bodies of the universe. ‘They appeared to 
him, on this account, to be peculiarly adapted for constituting the centres 
of planetary systems. He was, in fact, inclined to suspect that the stars 
which appear in clusters, are unattended by revolving bodies; but that 
each star forms a magnificent world by itself, fulfilling all the purposes 
of a planetary bodyt. 4 

IL. Binary Stars.—These are systems composed in each case of two 
stars revolving around their common centre of gravity. , 

. JH. Triple and Multiple Stars.—Lhese are systems of a more com- 
plicated structure than those just mentioned ; but like them are resolvable 
into a determinate number of constituent bodies. 

IV. Clustering Collections and the Milky Way.—Herschel was of 
opinion that in many instances the stars by their mutual attraction 
are gradually forming into clusters. ‘The Milky Way, in many parts, 
appeared to him to afford unequivocal indications of such a clustering ten- 
dency: We shall presently have occasion to allude to his remarkable 
speculations on the structure of the Milky Way. 

Y. Groups of Stars.—Under this class, Herschel comprehended all 
those collections of stars which do not exhibit any regularity of outline, 
nor superior condensation in any particular part: at the same time they 
appear sufficiently insulated from the stars around them, to justify the 
conclusion that they formed so many separate systems §. 

VI. Clusters of Stars.—These were justly considered by Herschel to 
be the most magnificent objects of the heavens||. They are round in 





* Phil. Trans., 1789, p. 212, et seq. t Ibid. 1802, p. 477, et seq. 

$ Ibid, 1795, p. 69. 

§ One of the most interesting objects of this class is the group in the southern 
hemisphere, surrounding the star x Crucis. According to Sir John Herschel it occupies 
am area. of about 1-48th part of a square degree, and consists of about 110 stars, ffom 
the-seventh magnitude downwards, cight of the more conspicuous of which ate coloured 
with various shades of red, green, and blue, so as to give to the whole the appearance of 
a rich piece of jewellery. (Resulis of Ast. Obs., &c., pp. 17, 162; Outlines of Astro- 
vomy, p. 597.) 

| Sir John Herschel, the highest living authority on Nebulm, states that by far the 
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form, and are gradually more condensed towards the centre. These facts 
clearly point out the existence of an attractive force, binding the con- 
stituent bodies together, so as to form an independent system *. 

VII. Nebulw.—These were suspected by Herschel to be so many col- 
Jections of stars, reducible to one or other of the three classes last men- 
tioned, the nebulous aspect assumed by them being merely an illusion 
arising from the impossibility of discerning the stars individually, in con- 
sequence of the immense distance at which they are placed. “Herschel 
calculated that the light from one of the faint nebule seen in his 40-feet 
telescope, must have occupied about two millions of years in its passage 
to the earth, although traversing space at the rate of 192,000 miles in a 
second! Well might the illustrious astronomer remark, that the tele- 

. Scope had the power of penetrating into time as well as into space. 

VIII. Stellar Nebule.—These were supposed by Herschel to be in all 
probability clusters of stars whose light, on account of their immense dis- 
tance, is collected so closely into oue point, that the only.evidence remain- 
ing of their resolvability into discrete bodies, consists in the appeartince 
of burs. 

IX. Milky Nebwosity—According to Herschel, the phenomena of this 
class were of two distinct kinds. One of these was nebulous only in 
appearance, consisting in reality of so many systems of clustering collec- 
tions of stars contiguous to each other, like the series of clustering vol- 
lections of which he had found the Milky Way to be composed. The 
other species of objects consisted of those whose structure was purely 
nebulous. One of the most remarkable of such objects was the great 
nebula of Orion; which iluyghens had discovered in 1656. From @ cém- 
parison of his earlier with his more recent observations of this nebula, 
Herschel concluded that during the intermediate period it had undergone 
a sensible change of aspect, a circumstance which appeared to him clearly 
to indicate that its structure was not sidereal. 

X. Nebulous Stars—These are stars surrounded by a pale nebulous 
atmosphere. Herschel hat, in a former communication to the Royal ° 
Society, directed the attention of astronomers to these remarkable objects}. 
Tho star, in each case, appeared to be situate exactly in the centre of the 
nebulosity, whence it was evident that they were connected together by 
some physical relation. The question with respect to the real nature of 
these objects, was supposed by Herschel to be involved in great obscurity. 











in the southern hemisphere. To the naked eye it appears like a dim cometic object; equal 
in brightness to a star of between the fourth and fifth magnitudes. Viewed in a powerful 
telescope it resembles a globe of fully 20° in diameter, very gradually increasing in bright- 
ness to the centre, and composed of innumerable stars of the thirteenth and fifteenth mag- 
nitudes, (Results of Ast. Obs., &e., pp. 21, 1043; Outlines of Astronomy, p.' 595.) 
This is the object alluded to in the text, as having been discovered by Halley in 1677, 
under the impression of its being a nebula. The globular cluster between » and Z 
Herculis, which was also first observed by Halley as a nebula in the year 1714, is the most 
magnificent in the northern hemisphere. Sir William Herschel estimates the number of 
stars contained in it to amount to as many as 14,000! (Phil. Trans., 1806, p. 2803) 

* If the stars were regularly distributed in a globular cluster, this cireumstance alone © 
would manifestly cause the cluster to appear more condensed’ towards the centre. It 
appears, however, that in many cases the condensation of the cluster js greater than that 
which would arise from a uniform distribution of the stars. The obvious inferénze is, 
that the cluster forms an independent system, the constituent bodies of which, under the 
influence of their mutual attraction, have a tendency to congregate towards the centres 

t+ Phil. Trans, 1791, p. 71, et seq. 
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If the nebulosity consisted of stars so remote as to put on a milky 
appearance, it necessarily followed that the. central body, which usually 
resembled a star of the seventh or eighth magnitude, must possess enor- 
mous dimensions. If, on the other hand, the central body be supposed 
not to exceed the ordinary size of the stars, how small, argued Herschel, 
must be the remaining stars of the system, and how inconceivably great 
must be thdir compression to produce the observed nebulosity. Instead 
of adopting either of these hypotheses, Herschel was inclined to believe 
that the phenomenon arose from a star of the ordinary magnitude being 
involved in a shining fluid of a nature totally unknown. ‘ 

XI. Planetary Nebule.—These are nebulx of a pale uniform aspect, 
and of a perfectly round form. Like the objects of the preceding 
class, they appeared to Herschel to be of a very mysterious nature. If 
they were admitted to be suns, it would be difficult to account for the 
faintness of their light. On the other hand, the supposition of their 
being sidereal aggregations was at variance with their uniform structure. 

XIT. Planetary Nebule with Centres.—The objects of this class were 
suspected by Herschel to form the connecting link between nebulous 
stars and planetary ncbulc. ‘Lhis view of their nature suggested to him 
a conclusion which he subsequently developed at greater length. “ If,” 
says he, “we might suppose that a gradual condensation of the nebu-- 
losity about a nebulous star could take place, this would be one of them 
in a very advanced state of compression.” * 

In the year 1811, Herschel communicated to the Royal Society a 
paper in which ‘he gave an exposition of his famous hypothesis of the 
transformation of nebule into stars+. Assuming a self-luminous sub- 
stance of a highly-attenuated nature to be distributed. through the. 
celestial regions, he endeavoured to show that, by the mutual attraction 
of its constituent parts, it would have a tendency to form itself into 
distinct aggregations of nebulous matter, which in each case would 
gradually condense, from the continued action of the attractive forces, 
until the resulting mass finally acquired the consistency of a solid body 
and became a star. In those instances wherein the collection of nebulous 
matter was very extensive, subordinate centres of attraction could not fail 
to be established, around which the adjacent particles would arrange 
themselves, and thus the whole mass would in process of time be trans- 
formed into a determinate number of discrete bodies, which would ulti- 
mately assume the condition of a cluster of stars. Herschel pointed 
out various circumstances which appcared to him to afford just grounds 
for believing that such a nebulous substance existed independently in 
space. He maintained that the phenomena of nebulous stars, and the 
changes observable in the great nebula of Orion, could not be satisfac- 
torily accounted for by any other hypothesis. Admitting, then, the 
existence of a nebulous substance, he concluded, from the extensive indi- 
cations of milky nebulosity which he encountered in the course of his 
observations, that it was distributed in great abundance throughout the 
celestial regions. The vast collection of nebulae which he had’ observed, 
of every variety of structure, and in every stage of condensation, were 
employed by him with admirable address in illustrating the modus ope- 
randi of his hypothesis. The planetary nebule, whose nature had for- 
merly appeared to him to be totally inexplicable, were now reasonably 
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supposed to be nebule which had finally assumed the consistency of a solid 
body, so that the aspect exhibited by them in the telescope thenceforward 
necessarily failed to afford any indication of their internal structure. 

Notwithstanding the ingenuity of illustration and incontestable force 
of reasoning by which Herschel sought to establish this bold hypothesis, it 
has not received that confirmation from the labours of subsequent enquirers 
which is so remarkable in the case of many of the other sptculations of 
that great astronomer. It is now generally admitted, that the changes 
which at one time were supposed to be taking place in some nebulw were 
altogether illusive, having been suggested partly by erroneous delinea- 
tions of the objects as they actually appeared in the telescope, and partly 
by the different aspect which they necessarily assumed when viewed in 
telescopes possessing different degrees of optical power. Moreover, the 
phenomena denominated Nebulous Stars—which seemed to Herschel to be 
Incapable of any satisfactory explanation, except by adopting the hypothesis 
of a self-luminous fluid—when cxamined with the powerful telescopes of 
Lord Rosse, have been found to exhibit an aspect totally different from 
that which appeared to Herschel so enigmatical. In fact, the greater the 
optical power of the telescope with which the heavens are surveyéd, the 
more strongly do the results tend to produce the impression that all nebule 
are in reality vast aggregations of stars, which assume a nebulous aspect 
only because the telescope with which they are observed in each instance 
is not sufficiently powerful to resolve them into their constituent parts, 
and thereby disclose their real nature*. 

‘The only nebule visible exclusively in the southern hemisphere, with 
which astronomers hithcrto were acquainted, were those discovered by 
Halley and Lacaille, to which allusion has already been made. In 1828, 
the number of such objects was considerably augmented by the late Mr. 
Dunlop, who in that year communicated to the Royal Society a catalogue 
containing 629 nebula and clusters observed by him at Paramatta, 
in New South Wales. From the small optical power possessed by his 
telescope, which was a Newtonian reflector of nine inches aperture, and 
doubtless, also, in some degree from his inexperience in such observations, 
this catalogue by no means afforded a faithful representation of thé objects 
to which it related. 

Tn 1883, Sir John Terschel communicated to the Royal Society a paper 
containing the results of an examination of the nebule in the northern 
hemisphore, undertaken in the year 1825, with a twenty-feet reflector, 
and prosecuted during the course of the following eight years. - This 
catalogue contained 2306 nebule and clusters. Of these about 500 were 
new: the remaining objects had been already discovered by his father. 
It would be out of place here to attempt to give a detailed account of 
this magnificent production, which is destined to form one. of the great 
landmarks of sidereal astronomy. 

In 1847, the distingnished astronomer just referred to, published his 
“ Results of Astronomical Observations made at the Cape of Good Hope,” 





* It may be mentioned, in connexion with this remark, that the great nebula of Orion 
has finally begun to exhibit indications of resolvability, upon being observed with the 
6-feet reflector of Lord Rosse, and with the powerful refractor of Cambridge, U.S. 
The same may be said respecting an examination of the nebula of Andromeda, by the 
aid of the Jatter telescope. For magnificent delineations of these two nebulm, ag 
observed at Cambridge, by Mr. Bond, the Director of the Observatory, and Mr. G. P. 
Bond, his son, see Mem. of the Amer. Acad. of Arts and Sciences, New Series, 
vol, iii, 
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which, among other objects of importance, contained a catalogue of 1708 
nebule and clusters in the southern hemisphere. The observations 
which form the groundwork of this catalogue were made by Sir John 
Herschel at the Cape of Good Hope, between the years 1834 and 1888, 
with an instrument of the same optical power as that employed by his 
illustrious father and himself in their respective examinations of the 
nebule of the northern hemisphere. This great catalogue, in conjunction 
with the one of 1833, by the same astronomer, may be said to afford an 
accurate representation of all the nebule in the celestial sphere, which 
are visible in a reflecting telescope of 18 inches’ “aperture. From the 
unrivalled. powers of description by which the author of these catalogues 
is distinguished, the monographs which: they contain have imparted to 
them an interest extending far beyond the mere circle of strictly scientific 
enquirers, who see in them mainly tho solid groundwork of ulterior 
researches of high importance in stellar astronomy. 

The most recent contribution to the subject of nebule has been’ fur- 

nished by Lord Rosse, who in the year 1850 communicated to the Royal 
Society a paper containing the results of a re-examination of several of 
the nebule comprised in Sir John Herschel’s catalogue of 1833*. These 
observations were made with: the reflecting telescope of three-feet aper- 
ture, originally executed by Lord Rosse, but chiefly with the more power- ° 
ful instrument of six-feet aperture subsequently constructed by him. 
New phenomena of a highly interesting nature have been revealed in the 
course of these observations. Many nebula, which had hitherto resisted 
all attempts to resolve thein with instruments of inferior power, were 
now found to consist wholly of stars. Others exhibited peculiarities of 
structure totally unexpected. Among these there are several which have 
been found to exhibit unequivocal indications of a spiral arrangement. 
One of the most remarkable objects of this class is the nebula marked 
No. 51 in Messier’s catalogue. This nebula has a smaller one in its 
immediate vicinity. Messier describes the two objects as a double 
nebula without stars.. The powerful telescopes of Sir William Herschel 
disclosed the existence of a new feature in its structure of & very inte- 
resting kind. He has represented the object as a bright round nebula, 
surrounded by a halo or glory at a distance from it, and accompanied by 
a companion. Sir John Ierschel discovered that the south following 
half of the ring was divided into two parts, producing an appearance 
bearing some resemblance to the bifureation of the Milky Way, This 
circumstance suggested the probability of the nebula being a vast sidereal 
system, identical in structure with that to which it offered so striking an 
analogy, The telescopes of Lord Rosse have served to destroy this 
interesting surmise, by showing the nebula to be of a totally different 
structure from that which it exhibited in instruments of inferior power. 
It has been found to be in fact composed of a series of spiral convo- 
lutions, arranged with remarkable regularity. A connexion hes also 
been traced by means of these spirals between the nebula and its com- 
panion. The number of nebule in which Lofd Rosse had al ready detected 
unequivocal indications of a spiral structure, amounted to fourteen. 

The remarkable class of objects termed Planetary Nebul, when viewed 
in the 6-feet reflector of the distinguished astronomer just alluded to, 
have failed to exhibit that uniform aspect which had proved such a stum- 
bling-block to Herschel in his attempts to explain their ctmisinre Dice 
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nebule, which previous astronomers had represented as possessing a 
round uniform disk, were found by Lord Rosse to exhibit unequivocal 
indications of an annular structure. Nebule of this description are 
extremely rare in the heavens. Only four of such objects had hitherto 
been recognised by astronomers, two in the northern and two in the 
southern hemisphere. 

The class of objects comprehended under the designation of Nebulous 
Stars, whose appearance Sir William Herschel was unable to account for, 
except by assuming the existence of a shining fluid existing independ- 
ently in space, have also exhibited, in the telescopes of the distinguished 
nobleman just referred to, an aspect which entirely obviates the necessity 
of having recourse to such an hypothesis. Onc of the most interesting 
objects of this class is the nebulous star marked No, 450 in Sir John 
Herschel’s catalogue of 1883. ‘The star-like point of this object, when 
viewed in the 6-feet reflector, is secn to be placed in the centre of a 
nebulous nucleus, and beyond there appears a nebulous, ring completely 
separated from the latter. Another nebulous star, + Orionis, hes been 
found to eshibit 2 somewhat analogous aspect. The pale nebulous light 
surrounding the star is found to contain a dark cavity, not exactly sym- 
metrical, with respect to the star. 

Of the other nebulzw cxamined by Lord Rosse, one of the most inte- 
resting is the oue marked No. 2098 in Sir John Herschel’s northern 
catalogue, This object has been found to exhibit anse, indicating, in 
all probability, a nebulous ring seen edgeways. -This phenomenon appeats . 
to afford a valuable caperimentum crucis in deciding the question relative 
to the structure of those nebulw which exhibit an angular aspect. It 
is not difficult to see that such an xppearance might be produced either 
by @ real. ring or by a hollow spherical shell of nebulous light. In the 
latter case, however, it would always exhibit a perfectly round appear- 
ance; whereas, in the former, there is only one position of the ring 
in which it would appear round. In every other position it would appear 
more or less elliptical, and when its plane passed through the earth, it 
would resemble two opposite «nsw attached to the central object, provided 
there was one. Now, since observation has, in one instance at least, dis- 
closed indications of sueh anse, and thereby afforded unequivocal evi- 
dence of the actual existence of a ring composed either of stars or of 
a nebulous substance, we may reasonably conclude that the annular 
appearance exhibited by several other nebule is occasioned by a similar 
cause, and not by a hollow sphere of nebulous light. We are also 
warranted by the same consideration in supposing that those elliptical 
nebulw which exhibit dark chinks are in yeslity nebulous rings of more 
or less regular structure, seen obliquely with respect to the line of vision, 
and not hollow elliptical shells of nebulous light. 

Sir John Hersche! has remarked, in the paper containing his catalogue. 
of nebulw visible in the northern hemisphere, that further discoveries of 
such objects can only be expected to result from the use o: telescopes pos- 
sessing a higher degree of ‘optical power than a reflector of eighteen 
inches’ aperture, the Instrument with which all the nebule hitherto known 
to exist were mainly discovered. ‘he observations of Lord Rosse are 
plainly destined to be instrumental in realising this expectation. Although 
no direct search for new nebule has yet been undertaken by his lord- 
ship, several objects of this class. which itwas impossible to discern in 
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increase of optical power, new accessions will be constantly made to the 
visible extent of the universe. 

The results which Lord Rosse has already achieved by means of his 
powerful telescopes, clearly point out the course which must be pursued 
in order to acquire some degree of knowledge respecting the nature and 
constitution of those maguificent systems of sidereal bodies which have 
been found to pervade the immensity of space. In the first place, it is 
manifest that a careful delineation of the different parts of each system 
forms an indispensable preliminary to any progress in this branch of 
enquiry, It is only by a subsequent comparison, instituted bétween 
nebule of every observable variety of form, that any knowledge catt be 
obtained respecting the real structure of those wonderful systems. 
‘Among them there are, doubtless, systems of different orders, as we find 
exemplified to a limited extent in tho solar system, but among those of 
the same order we have just grounds for suspecting that a kindred form 
of structure prevails. Jt is probable that such systems are viewed in 
evety variety of position relative to the earth, and hence we may reason- 
ably expect that, by an extensive collation of their apparent forms, it will 
be possible to arrive at some definite conclusions respecting their actual 
configuration in space. Formidable as the problem relative to the struc- 
ture of these systems may appear when considered from this point of view, 
its difficulties are vastly enhanced by the internal changes which are con- 
stantly taking place in each system. It must be borne in mind that, 
although the various bodies of which each system is composed are doubt- 
less linked together by intimate physical relations, the condition which 

. thus subsists is one of dynamical stability rather than statical equilibrium. 
In fact, we ar® amply justified, both by reason and analogy, in supposing 
that. the constituent bodies of every system are revolving in curvilinear 
orbits under the influence of their mutual gravitation. It is manifest 
that from this canse each system will be liablo, in process of time, to 
undergo a modification of form. Hence it follows, that not only will 
systems of the same order exhibit different external forms when com- 
pared with each other, but even the same system will vary from time | 
to time relatively to itself. That the eccentric position of the observer; 
and the displacements arising from the internal movements of its con- 
stituent bodies, may canse a system to appear very complicated, while at 
the same time its various parts are adjusted in the most perfect harmony, 
is evident, from a consideration not only of the planetary system itself, but 
also of those miniature systems of which it is mainly composed. What 
more admirable arrangements can the imagination couceive than those 
which pervade the system of Jupiter's satellites, and yet when this exqui- 
site mechanism is casually viewed through a telescope, what can be more 
devoid of symmetry than the configurations of its different parts ? . 

It is mauifest, from the foregoing considerations, that, in order to acquire 

. just ideas respecting the construction of those vast systems of worlds which 
the telescope has shown to be distributed throughout the immensity of 
Space; an assiduous course of observation and research, prosecuted through- 
out 2 long succession of ages, is absolutely indispensable. The investi- 
gation of the dynamical laws by which those systems are governed and 
their stability is assured, must be regarded as an ulterior object. It is 
only in the case of the more simple systems, the relative movements of 
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of research. To attempt to discover the mechanical structure of more 
complicated systems, before observations were amassed capable of forming 
a sure groundwork of research, would be manifestly a hopeless under- 
taking. All speculations directed to this end must therefore be regarded 
as premature, in the present state of sidercal astrouomy *. 

The remarkable Zone of light termed the Milky Way, which is seen 
encircling the starry heavens, has in all ages excited the admiration of 
mankind, and stimulated the enquiries of the contemplative observer of 
nature. It would serve no useful purpose to refer here to the erroneous 
opinions entertained by various ancient philosophers respecting the nature 
of this luminous circle. Aristotle supposed it to be composed of a sub- 
stance occupying an intermediate position between the terrestrial atmo- 
sphere and the region of the stars. In no part of his great work has 
Ptolemy expressed an opinion respecting the nature of the Milky Way. 
It is a remarkable fact, however, that Democritus hit upon the true ex- 
planation of its aspect. . According to Plutarch, he maintained that it 
was composed of a multitude of small stars, so very near to each other, 
that their light became blended together so as to produce the appearance 
of a luminous zone}. A similar opinion respecting the Milky Way is 
expressed by Manilius, in his poem on the sphere t. 

Copernicus has cautiously abstained from any allusion to the Milky 
Way, in his immortal work wherein he expounds the true system of the 
universe. Tycho Brahé supposed it to be formed of a nebulous sub- 
stance, as is evident from his speculations on the origin of the new star 
which appeared in the year 1572§. A similar view of its structure was 
implied in Kepler's speculations on the origin of the new star of 1604 ||. 

The invention of the telescope, about the beginning of the seventeenth 
century, had the effect of conducting astronomers to a more accurate 
knowledge respecting the constitution of the Milky Way than had hitherto 
prevailed. When Galileo first explored the heavens with his telescope, 
he discovered everywhere, to his unspeakable admiration, a multitude of 
stars which were too faint to be perceived with the naked eye. , The 


“aspect of the Milky Way was found by him to arise wholly from its being 


composed of a vast collection of small stars in close proximity to one 
another. In the Sidereus Nuncius, a small work containing the first 
announcement of his telescopic discoveries in the heavens, he congratu- 
lates himself on having put an end to the ancient controversy respecting 
the Milky Way, by actually exhibiting its structure to the senses ‘f. 
Thenceforward it has been generally admitted, that the Milky Way is, in 
fact, no other than a vast assemblage of stars too small to be individually 
visible. . 

* Among those who have partially laboured on the subject of nebule, no one exhi- 
bited such highequalifications for cultivating so delicate a branch of stellar astronomy as 
Ebenezer Porter Mason, a young American of great promise, who unfortunately died in 
the year 1840, at the edrly age of twenty-one years, An important paper, containing the 
results of his observations of some remarkable nebulw, is inserted in vol. vii. of the 
Transactions of the American Philosophical Society. There is a very interesting ac- 
count of the life and writings of this true son of genius, written by Professor Olmsted, 
of Yale College, Connecticut. (12mo, New York, 1842.) 

+ De Placit. lib. iii., cap. i. 

$ “ Ao major dens§ stellarum turba coron’ 
Contexit flammas, ct crasso lumine candet, 
Et fulgore nitet collato clarior orbis.”"—Lib. i., cap. i 
~T 
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Although the nature of the Milky Way was now well understood, 
no attempt was made for a long time to investigate the particulars of 
its structure, and to connect its appearance with the distribution of the 
stars throughout the other parts of the visible heavens. This important 
object was at length accomplished by Thomas Wright, in his “ Theory of 
the Universe,” a work to which we have already had occasion to allude. 
The author has given an exposition of his theory in nine letters addressed 
toa friend. Alluding to the current opinion respecting the Milky Way, 
that it is composed entirely of stars, he asserts that thig view of its 
nature was supported by his own observations with a reflector of one foot 
focal length. ‘The following statement embraces the more important 
points of his theory. 

If we judge of the Milky Way by phenomena only, we must conclude 
it to be a vast ring of stars, scattered promiscuously round the celestial 
regions in the direction of a perfect circle. This view of its structure, 
however, does not accord with the aplanatic position and irregular distri. 
bution of multitudes of other stars of the same nature, dispersed through- 
out the ‘celestial regions. It is not consistent with the harmony which 
pervades all the other arrangements of nature, that one portion of the 
stars should be disposed with the most perfect regularity, while all the 
others were scattered about in the utmost confusion, without any regard 
to symmetry. It is more probable that the whole visible creation of 
stars forms one vast system, the parts of which are adjusted with the most 
perfect harmony, and that its incongruous aspect is due to the eccentric 
position in which it is viewed, and to the motions of the constituent 
bodies relatively to each other. When we reflect upon the yarious con- 
figurations of ‘the planets, and the changes which they perpetually 
undergo, we may be assured that nothing but a like eccentric position of 
the stars could occasion such confusion among bodies otherwise so regular. 
In like manner we may conclude that, as the planetary system, if viewed 
from the sun, would appear perfectly symmetrical, so there may be some 
place in the universe where the arrangement and motions of the stars 
may appear most beautiful. 

If we suppose the sun to be plunged in g vast stratum of stars, of 
inconsiderable thickness compared with its dimensions in other respects, 
it is not difficult to see that the actual appearance of the heavens may be 
reconciled with a harmonious arrangement of the constituent bodies of 
such a system, relative to some common centre, provided it be admitted, 
at the same time, that the stars have alla proper motion. In such a 
system it is manifest that the distribution of the stars would appear more 
irregular the farther the place of the spectator was removed from the 
centre of the stratum towards either of the sides. It is also evident that 
the stars would appear to be distributed in least abundance m the oppo- 
site directions of the thickness of the stratum, the visual line bein; 

“shortest in either of those directions, and that. the number of visible 
stars would increase as the stratum was viewed through a greater depth, 
until at length, from the continual crowding of the stars behind each 
other, it would ultimately assume the appearance of a zone of light. 
According to this hypothesis, then, the whole of the visible stars, including 
the sun, form part of the system of the Milky Way, their irregular dis- 
tribution being occasioned bythe eccentric position of the sun, combined 
with their own proper motions. 

There are, in all probability. various evstems recambling the MTL. Wr 
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differing as much in the order and distribution of their constituent bodies 
as the zones of Jupiter do from the rings of Saturn. We may, in fact, 
suppose that some systems of stars move in perfect spheres, at different 
inclinations and in different directions; while others, again, may revolve, 
like the primary planets, in a general zone, or more probably in the 
manner of Saturn's ring; nay, perhaps, ring within ring, to a third or 
fourth order *. : 

In propounding his theory of the Milky Way, of which the foregoing 
is a brief sketch, Wright does not recognise the existence of systems of 
stars subordinate to that great system. He, indeed, asserts, that those 
cloudy spots which are resolvable into stars, might be explained by the 
principles which he laid down, but he does not formally assign to them a 
place in his theory. In the concluding letter, however, he appears to 
admit the existence of a multitude of sidereal systems within the boun- 
daries of the visible universe, subordinate, of course, to the great system 
of the Milky Way. We also find, in the same letter, an interesting ex- 
pression of his opinion respevting those nebule which had hitherto proved 
irresolvable even in the best telescopes. ‘Taking into consideration the 
multitude of sidereal systems included within the confines of the visible 
universe, it appeared to him not improbable that the immensity of space 
is occupied by an endless succession of systems, analogous in their struc- 
ture to the great system (the Milky Way) of which the visible universe is 
composed. “ That this, in all probability, may be the real case,” says he, 
“ig in some degree made evident by the many cloudy spots, just perceiv- 
able by us, as far without our starry regions, in which, although visibly 
luminous spaces, no one star or particular constituent body can possibly 
be distinguished ; those, in all likelihood, may be eaternal creation; bor- 
daring upon the known one, too remote for even our telescopes to reach.” + 

The speculations of Wright on the Milky Way are so consistent with . 
sound philosophy and the results of observation, that they cannot fail to 
obtain the sanction of every person who submits them to a careful exami- 
nation. At the time of their original promulgation, however, the atten- 
tion of mathematicians had become deeply engrossed with the develop- 
ment of the theory of giavitation, while astronomers, on the other hand, 
were impressed with the necessity of introducing a corresponding degree 
of refinement into their observations, and establishing with the utmost 
possible accuracy the elements of the planetary movements. It hap- 
pened, from this cause, that ouly individuals of the same speculative 
turn of mind as Wright himself were induced to adept his theory as the 
basis of further enquiry. Such was the case with respect to Kant, the 
celebrated German metaphysician, who, in the year 1758, published a work 
containing an exposition of his views respecting the cosmical arrangement 
of the celestial bodies. In the introduction to this work, he acknowledges 
that the genn of his ideas on the distribution of the stars was suggested 
to him by the speculations of Wright on the subject. His system, 
indeed, does not materially differ from that of the English philosopher. 
A system bearing a close affinity to either, was also propounded a few 
years afterwards, by Lambert, in his “ Cosmological Letters.” t 

The physical constitution of the Milky Way, and its connexion with 





* It is impossible not to be struck with the connexion subsisting between these saga- 
cious remarks, and the phenomena which Lord Rosse has recently succeeded in disclosing 
by means of his powerful telescopes. 

+ Theory of the Universe, p. 83. 
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the arrangement of the stars constituting the visible universe, formed a 
subject of too great importance in stellar astronomy not to have engaged 
the attention of Sir William Herschel. The resulis of his early labours 
relative to this branch of enquiry are contained in two papers inserted in 
the volumes of the Philosophical Transactions for 1784 and 1785. His 
theory agrees in the main with that of Wright and the other enquirers 
above alluded to; but in this, ag in every other instance of his speeula~ 
tions, he produced a strong conviction of their reality in men’s minds, by 
establishing a close connexion between them and the results of actual 
observation. His powerful telescopes enabled him to penetrate far more 
deeply into the structure of this wonderful zone than had been hitherto 
possible, when, to his admiration, he found it to consist, in every, part of 
its visible course, of an innumerable multitude of small stars *. On one 
occasion he found that in the short interval of one-quarter: of an hour 
no fewer than 116,000 stars’ had’ passed through the field of view of hig 
telescopet, On another occasion he found that in forty-one minutes of 
time as many as 258,000 stars had passed in review before him ft! 

It would: be inconsistent with the object of this work, to enter into 
a detailed account of the researches of Herschel on the Constitution of 
the Milky Way. A remarkable method devised by him for ascertaining 
the configuration.in space of this great sidereal system, consisted in éx- 
amining the heavens at different distances from the Galactic circle, and 
numbering the stars visible in the field of view of his telescope. Assuming 
that the stars are uniformly distributed throughout space, and that the 
telescope suffices to penetrate to the utmost limits of the sidereal stratum 
constituting the Milky Way, it is manifest that the number of stars visible 
in the field of view of the telescope would increase with the length of the 
visual line, and would thereby aflord an indication of the distance from 
the observer to the exterior surface of the Milky Way. [lence, by com- 
paring together the lengths of the various lines found in this manner, and 
taking into consideration their respective distances from the Galactic 
circle, the actual configuration in space of the Milky Way may be ascer- 
tained. Such is a brief outline of the celebrated method of gauging the 
heavens, which Herschel practised to a vast extent in the early period of 
his researches on the constitution of the Milky Way§. 

Although Herschel assumed as one of the fundamental points of his 
theory of the Milky Way, that the stars are distributed uniformly 
throughout space, he had recourse to this principle, not from a conviction 
of its being absolutely true, but because, while there was a probability of 
its constituting a tolerable approximation to the actual state of nature, it 
at the same time had the advantage of affording a convenient basis of 
caleulation. Even as early as the year 1785, he remarked that in many 


' * Phil. Trans., 1784, p. 438. + Ibid., 1785, p. 244. t Ibid., 1795, p. 70, 

§ These observations were made by Herschel with the 20-feet reflector, the field of 
view of which was 15’ in diameter. In some instances the number of stars in the field 
of view did not exceed a few units, On one occasion, indeed, Herschel was enabled to 
count only three stars in four successive gauges. The paucity of stars in the field of 
view was of course mainly observable in those parts of the heavens which were at a con- 
siderable distance from the Milky Way. As the gauges approached the Galactic circle 
the number of stars rapidly increased, amounting in many instances to between 400 and 
500, and on one occasion’ running as high as 588. A’ list of these gauges, with the 
elements of their respective positions, is given by Herschel in his paper inserted in the 
Philosophical Transactions for 1783. They amount in number to between three and 

sie 
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parts of the Milky Way the stars exhibited indications of a tendency to 
collect together into separate clusters *, It was this circumstance which 
induced him to assert that some parts of our sidereal system seemed to 
have suffered more from the ravages of time than other parts}. In con- 
firmation of this statement, he remarked that in the constellation Scor- 
pio there existed an absolutely dark space, about 4° broad, in which not 
a single star. was visible ; while on the other hand the object marked No. 
80 in Messier’s catalogue, one of the richest and most compressed clusters 
of stars in the heavens, was situate close upon its western border f. 

In his paper of 1802, Herschel again referred to the manifest evidence 
of a tendency of the stars in the Milky Way to form themselves into 
distinct sidereal aggregations. In all those instances wherein small 
spaces of a milky aspect in a state of isolation were discernible, he 

' found that the brightness was invariably greatest in the middle, and 
least. around the borders; and since he had shown, by means of his 
powerful telescopes, that the peculiar aspect of the Milky Way arose 
entirely from the presence of a multitude of small stars in close prox- 
imity to each other, this gradation of brightness clearly indicated that the 
stars of each distinct group were clustering towards a common centre. 
A striking example of the tendency of the stars to collect together into 
separate systems was cited by him in the paper just referred to. He 
remarked that in the interval between @ and y Cygni, including a space © 
of about 5°, the stars seemed to be clustering towards opposite regions 
of’ the heavens. By a computation, based upon the number of stars 
contained in the field of view of his telescope when directed towards 
different parts of this space, he found that it contained at least 331,000 
stars. Hence, admitting that the stars were really clustering in equal 
numbers towards opposite regions of the heavens, as observation seemed 
to warrant, he concluded that each of such clusters contained at least 
165,000 stars §! 

In a paper which he communicated to the Royal Society in the year 
1814, Herschel again alluded to the tendency of the stars constituting 
the Milky Way to arrange themselves into separate systems. He also 
took into consideration the consequence which must inevitably ensue from 
the continued operation of such a clustering process]. By a series of 
careful observations he found that the clusters of various kinds were 
much more numerous within the Milky Way and the regions bordering 
upon it, than they were in the more distant regions of the heavens 
with respect to the Galactic circle. He considered that under the 
influence of the mutual attraction of the stars this clustering process 
would continue until it would ultimately result in the complete breaking 
up of the Milky Way, and the formation of a number of sidereal systems 
totally distinct from one another. ‘The grandeur of this conclusion was 
worthy of the genius of Herschel; but it may be urged against its 
admission that we have no reason to suppose that the various parts of 
the Milky Way ave not already in a condition of dynamical stability, and 
that the clustering patches of light by which it is distinguished through- 
out its visible course, are not in reality’so many sidereal systems, existing 
independently of one another, but subordinate to the great system of 
which they apparently form a part. 


* Phil. Trans., 1783, p. 255. + Ibid, p. 256, 
Ibid. § Ibid., 1802, p. 495. |) Ibid., 1814, p. 248 ot seq. 
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Although the hypothesis of a uniform distribution of the stars in space, 
combined with their arrangement, in the form of a vast stratum of incon- 
siderable thickness, accounts for the general appearance of the starry 
heavens, still it is not improbable that the gradual increase in the num- 
ber of stars visible upon approaching the Milky Way, may arise, in some 
degree at least, from a real condensation of them towards the plane of 
the Galactic circle. This point can only be decided by taking into account, 
in conjunction with the number of stars visible in the field of view of 
the telescope, their relative distances as indicated by their apparent mag- 
nitudes, If we suppose the observations to be limited to stars of & cer- 
tain magnitude, and to include all those of superior brightness, which 
are presumed, in consequence, to be nearer to the earth, the question will 
then be reduced to. the investigation of the law of distribution of the stars, 
comprehended within a sphere whose radius corresponds to the apparent 
magnitude of the extreme stars. Now, if in such a case the stars appear 
more Numerous upon approaching the Milky Way, it is manifest, from 
this circumstance alone, that they must increase in density towards the 
plane of the Galactic circle. Moreover it is evident that, for two such 
qo of different radii, the maximum number of stars would bear to 
the minimum a much higher ratio in the case of the larger sphere than 
it would do in that of the smaller, provided there was a real condensae 
tion of the stars. The work recently published by M, Struve, entitled 
‘‘ tudes d’ Astronomie Stellaire,” contains some remarkable speculations: 
on the constitution of the Milky Way, which bear directly upon. this 
question. By a skilful discussion of the gauges of Herschel, and the: 
catalogues of modern astronomers, chiefly those of Bessel and Arge- 
lander, he has ascertained that the stars of the visible universe are not 
uniformly distributed throughout space, but that they are gradually more 
condensed towards the plane of the Milky Way. He moreover has sue- 
ceeded, by means of empirical formule, in representing the law of appa- 
rent cOndensation with remarkable fidelity. Our limited space prevents 
us from giving a detailed account of his interesting researches on this oc- 
casion. 

During Sir John Herschel’s residence at the Cape of Good Hope, he 
executed an extensive series of observations, with the view of discovering 
whether the distribution of the stars in the southera hemisphere cor- 
responded with the results of Sir William Herschel's similar labours, 
prosecuted mainly on the opposite side of the Galactic circle. In order 
that the observations might admit of comparison with those of his father, 
they were made according to the same method, and with a telescope of 
the same optical power, They embraced a region of the celestial sphere 
extending from the south pole of the Galactic circle to a distance of 150°, 
Measured upon a great circle passing through it. The whole number of 
stars counted in the telescope amounted to 68,948, which were ineluded 
within 2299 fields of 'view*, The results were found to present a remark- 
able agreement with those deduced by M. Struve from the gauges of Sir 
William Herschel. It would appear from them, that the southern hemi- 
sphere is somewhat richer in stars than the northern, This would in- 
dicate that our system is not situate exactly in the plane of the Galactic 
circle, but is displaced a little towards the north. The apparent position 
of the Milky Way presents an interesting accordance with this conelu- 
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sion; for it has been found that its mean course does not coincide 
exactly with a great circle of the sphere, but with a parallel distant 
about 92° from the Galactic north pole*. 

By a computation based on the gauges in both hemispheres relative to 
the Galactic circle, Sir John Herschel found that the whole number of 
stars visible in a reflecting telescope of 1¥inches aperture amounts to about 
five millions and a half{. It may be remarked in connexion with this 
fact, that the whole number of stars visible to the naked eye in both 
hemispheres does not exceed six thousand, even in the case of persons of 
the most acute vision}. : . 

We shall conclude our labours with a brief account of the speculations 
of astronomers on the subject of the Extinction of Light in its passage 
through space. We have seen that, even as early as the sixteenth century, 
Jordano’ Bruno ventured to assert that the universe is peopled with an 
infinite number of suns. As soon as the telescope disclosed the actual 
existence of innumerable stars invisible to the naked eye, the doctrine of 
an infinity of worlds presented itself with greater plausibility to minds 
imbued with a natural propensity towards speculation, In a short paper 
inserted in the Philosophical Transactions for 1720, Halley has eonsidered 
the effect which would be produced upon the aspect of the heavens if the 
universe was peopled with an infinite number of shining bodies §. The re- 
sult of his enquiry was not unfavourable to that hypothesis. He remarked 
that the light of the stars diminishes at a more rapid rate than the interval 
included between them does, the law of diminution being represented in 
the one case by the reciprocal of the square of the distance, and in the 
other simply by the reciprocal of the distance. He moreover added, that 
when the stars are very remote they vanish, even in the most powerful tele- 
scopes. Upon these grounds he concluded that, even if the number of 
bodies was infinite, the heavens could not exhibit a uniformly illuminated 
aspect from their combined lustre. : 

lausible as the reasoning of Halley undoubtedly is, it cattot be 
regarded as satisfuctory when submitted to close examination. Chésaux, 
the Swiss astronomer, to whom allusion has already been made on more 
than one occasion, arrived! at a different conclusion. He asserted that 
the light of an infinite number of shining bodies would cause the heavens 
to appear everywhere equally illuminated with the sun, and upon this 
ground he maintained that we must either abandon the supposition of 
infinity, or admit that light is gradually extinguished in its passage 
through the celestial regions. A similar view of the subject was enter- 
tained by Olbers, the celebrated German astronomer. M. Struve, in his 
« Etudes d'Astronomie Stellaire,” has given an account of some interesting _ 
speculations on this subject, which were suggested to him by his researches 
on the law of the distribution of the stars constituting the visible universe. 
He considers that positive evidence in favour of the extinetion of light 
is afforded by the circumstance that the space-penetrating power of a - 
‘telescope, when computed according to the usual principles, far exceeds 


* Struve, Etudes d’Astronomie Stellaire, p. 61. 

+ Results of Ast. Obs. &c., p. 381. The precise number of stars assigned by hie 
computations is 5,331,572. He considers, however, that the number realiy visible in 
the telescope is much greater, as in many parts of the Milky Way the stars appeared so 
crowded as to defy counting. 

4 Strave, Etudes d’Astronomie Stellaire, p. 2. 

§ Phil. Trans., 1720, p. 22. 
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its value as indicated by actual observation. Thus, according to the 
usual theory, M. Struve found that the space-penetrating power of the 
20-feet reflecting telescope of Herschel was 74.83, the linear unit being 
the distance of the smallest stars visible to the naked eye. On the 
other hand, he found by a computation based upon the law of con- 
densation of the stars, which he had deduced from the observations of 
Herschel and other astronomers, that the radius of a sphere embracing 
the smallest stars visible in the 20-feet reflecting telescope of Herschel, 
does not exceed 25.672 of the same units. It would appear, therefore, 
that the telescope does uot in reality penetrate into.space beyond the third 
part of the distance assigned by theory. M. Struve maintains that. the 
inconsistence between theory and observation which is thus found to pre- 
vail, can only be accounted for by supposing that the light of the stars is 
gradually extinguished in its passage through the celestial regions, 
Adopting this hypothesis, he proceeds to investigate the results deducible 
from it, assuming as a fundamental principle that the light is enfeebled 
in geometrical progression as the Space traversed by it increases in arith. 
metical progression. By strict computation he found that the theory 
which usually assigns the space-penetrating power of the telescope might 
be reconciled with observation, by supposing that the light of the stars 
was enfeebled to the extent of +45th of its intensity in its passage through 
@ space equal to the distance of a star of the first magnitude. 

The extinction of light occasions a diminution in the brightness of all 
the stars that are visible, either to the naked eye or in the telescope. M. 
Struve found, that for the smallest stars visible to the naked eye, the 
diminution of brightness is equal to +5)ths of the whole quantity. For. 
Stars of the ninth magnitude the diminution of brightness amounts te 
Tosths, and for the smallest stars visible in the 20-feet reflecting tele- 

“Scope of Herschel the diminution of brightness is-no less than fhiths of. 
the whole quantity. 

Thé-effect of the extinction of light upon the space-penetrating power 
of telescopes is equally remarkable. The 20-feet reflector of Herschel, 
which M. Struve calculated to have a penetrating power of 813.9, abstrae- 
tion being made of the extinction of light, was found by him to have a 
power of only 250.7, when the influence of that principle was taken into 
account. In like manner he found that the space-penetrating power of 
the 40-feet reflecting telescope of the same astronomer was reduced from 
2080.3 to 368.5, in consequence of the extinction of light. It is manifest 
that, if these results be admitted as true, the distances assigned by Her. 
schel to the celestial bodies, must necessarily undergo a corresponding 
diminution. 

If light really diminishes in geometrical progression relative ta the 
Space through which it is transmitted, it is evident that, beyond a deter- 
minate distance, the light of a star can produce no sensible effect to an 
observer at the earth, and therefore the apparent illumination of the 
general ground of the heavens will depend wholly on the light of the 
stars included within that limit. This cireumstance has suggested to M. 
Struve some curious calculations relative to the effect contributed by the 
different classes of stars towards the brightness of the heavens, as observ- 
able in ‘the region of the Milky Way, and in the direction of the poles 
of the Galactic circle. The following are some of the more interesting 
conclusions at which he arrived :-— : 

Ist. The stars situate beyond the reach of tho 20-feet reflecting tele. 
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scope of Herschel, do not contribute more than 12 per cent. to the bright- 
ness of the Milky Way. 

Qnd. If the effect produced by the stars visible to the naked eye be 
abstracted, the illumination of the ground of the heavens in the middle 
of the Milky Way will be expressed by 0.92007, the total illumination 
being represented by unity. 

8rd. The total illumination of the heavens, in the direction of the poles 
of the Galactic circle, is only 522;ths of what it is in the middle of the 
Milky Way. 

4th, When the combined lustre of stars of distinct classes is con- 
sidered, the ratio of the illumination in the Milky Way to that in the 

~“direction of its poles, gradually increases as the stars are more remote. 
5th. If we exclude from consideration the stars visible to the naked 
eye, the brightness of the heavens in the direction of the poles of the 

Galactic circle, is only one-sixth of the brightness of the Milky Way. 

It must be admitted that the hypothesis of the-extinction of light, from 
which M, Struve has deduced the foregoing interesting conclusions, can- 
not be considered as a principle of physics, the reality of which has been 
established beyond all doubt upon the solid basis of observation. It has 
been mentioned, that his reason for adopting this principle was founded 
on the circumstance of the space-penetrating power of the telescope 
having been discovered by him to be in reality much less than what 
theory indicated it to be. ‘The question may be considered under the 
following aspect :—In the Milky Way the average number of stars visible 
in the field of view of the 20-feet reflecting telescope of Herschel, was found 
by M. Struve to be 122, and the distance of the smallest of such stars, as 
deducible from his researches on the’ law of the density of the stars, was 
determined by. him to be 25.672 units. Hence, if the density of the 
stars in the direction of the plane of the Milky Way was uniform, as M. 
Strave in his researches assumed it to be, the nunber of stars visible in 
-the telescope at the distance of 74.83 units, ought to be 8021. *Now, 
the space-penetrating power of the telescope, as computed upon the ordi- 
nary principles, was found by M. Struve to be represented by 74.83 units. 
‘The conclusion would, therefore, appear to be unavoidable; either that 
the density of the stars diminishes towards the limits of the Milky Way, 
or that the light of the stars is gradually extinguished in its passage 
through the celestial regions to the earth. With respect to the question 
of adiminution of density, it is to be remarked that, since the incon- 
sistency between theory and observation, above referred to, is presumed to 
manifest itself in every part of the contour of the Milky Way, it cannot 
be considered as available in explaining that inconsistency, ynless the sun 
be supposed to be situate near the centre of the great sidereal disk, con~ 
stituting the Milky Way. M. Strave, however, contends that we have no 
knowledge of the limits of the Milky Way—that to us it is absolutely 
unfathomable, and consequently that there does not exist any probability 
of the sun being situate near the centre of the Galactic circle. Upon 
these grounds, therefore, he maintains that the explanation of the incon- 
sistency, by a diminution in the density of the sidereal stratum, in the 
direction of its principal plane, is inadmissible, in ipso limine. 

The assertion of M. Strave with respect to the absolute ufffathom- 
ability of the Milky Way, appears to be founded on certain observations 
cited by Sir William Herschel in the course of his sidereal researches : 
but, with all due deference to the authority of the illustrious astronomer of 
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Pulkowa, we are inclined to believe that he has not apprehended the real 
drift of the language used by Herschel on those occasions to which he 
refers. It appears to us evident, from the tenor of Sir William Herschel’s 
remarks on the Milky Way, scattered through his various papers, that he 
considered it to be a vast. sidereal system of definite dimensions, and, 
generally speaking, of ascertainable limits. In his important paper on 
the subject, inserted in the Philosophical Transactions for 1785, he has 
remarked, that even in those cases wherein the gauges were very high, 
the stars were neither so small nor so crowded, as they must have been 
on the supposition of a much farther continuance of them, and when cer- 
tainly a milky nebulous appearance must have come on *. On a. sub ~ 
sequent occasion, indeed, he cited some observations of the Milky Way, 
from which it appeared , that, notwithstanding the application of higher. 
and higher degrees of optical, power, there still remained traces of nebu- 
losity in the telescope, indicating that the limits of the stratum had not 
been reached. It is important to remark, however, that the object he had 
in view in citing these observations, was not for the purpose of showing - . 
that the Milky Way was unfathomable even in those parts to which his 
observations referred, and to which such an expression, in a certain sense, 
was fairly applicable; but to demonstrate that the nebulosity in the tele- 
Scope was not of an ambiguous nature—that, in fact, it was attributable 
- to the circumstance of its consisting of stars too remote to be distinctly 
visible by any optical aid that was available, and not to its being in reality 
composed of nebulous matter t, : 
A more serious objection urged by M. Struve against the hypothesis of 
a diminution of the density of the Stars in the plane of the Milky Way, 
is founded on the cireumstauce that an examination of the gauges of 
Herschel conducts to the same law of condensation in a direction per- 
pendicular to that plane, with the Jaw which he found, from the obser- 
vations. of Bradley and Argelander, to prevail in the immediate vicinity 
of the sun, as far as the stars of the eighth and ninth magnitudes. By 
his researches on the gauges of Herschel, he found that, at a distance 
from the plane of the Milky Way equal to the radius of a sphere com- 
prehending the stars of the seventh magnitude, the density of the stars 
was equal to 0.41365, the mean density in the Milky Way being repre- 
sented by unity, His examination of the zones of Bessel gave him 
0.40525 for the density at the same distance. In like manner he found 
that, at a distance from tho Milky Way equal to the radius of a sphere 
embracing the stars of the eighth magnitude, the density of the stars, ag 
deducible from the gauges of Herschel, was represented by 0.31083; 
while, again, the zones of Bessel made the density at the same distance 
equal to 0.284104. The near agreement of the results for both classes 
of stars must, indeed, be regarded as very remarkable, especially when 
we take into consideration the very different sources from which the 
were in each case derived. It may be remarked, however, that the obser- 
vations from which these results were derived, however trustworthy they 
may be in point of accuracy, can hardly be allowed to constitute ‘a suf- 
ficiently ample basis for establishing beyond doubt so extensive a conclu- 
* Phil. Trans., 1785, p. 247. E 
+ Herschel cites six of such observations in a paper inserted in the Philosophical Trans. 
actions for 1817 ( Pp. 325, 26, 27), and four additional observations of the same nature 
in a paper published in the following year (Phil, Trans., 1838, p, 463), 


582 HISTORY OF PHYSICAL ASTRONOMY. 


sion as that relative to the law of the distribution of the stars. Moreover, 
the results of Sir John Herschel’s gauges in the southern hemisphere 
would seem to indicate, that for the stars in the vicinity of the sun a 
different law of density prevails from that deduced by M. Struve*. 
On the other hand, the hypothesis of a gradual diminution of the den- 
sity of the stars in the plane of the Milky Way, as well as ina direction . 
perpendicular to that plane, is not only consonant to sound philosophy, 
but is also strongly suggested by analogy from observations of the arrange- 
ments prevailing throughout the other systems of the sidereal universe. 

The other alternative suggested by M. Struve, as an explanation of the 
inconsistency between theory and observation, which he encountered in 
the course of his researches; namely, the hypothesis of a gradual extinc- 
tion of light in its passage through the celestial regions, has been objected 
to on very strong grounds by Sir John Herschel. If such an hypothesis 
wore true, we might reasonably presume that, in consequence of the light 

. being everywhere extinguished at the same distance, the Milky Way 
would present a uniform aspect throughout its course. As, however, 
observations of the actual aspect of the Milky Way do not accord with 
this conclusion, the hypothesis from which it is deduced is manifestly 
inadmissible. ; 

It is very evident, that in the present state of sidereal astronomy the 
interesting question proposed by M. Struve, and discussed with so much 
ability by that astronomer, does not admit of a definitive solution. To 
attain this end it will be desirable to institute an extensive series of obser- 
vations relative to the apparent distribution of the stars, both in the 
Milky Way and in a variety of other positions, with respect to the plane 
of the Galactic circle, employing at the same time telescopes of different 
apertures. By such means alone can we reasonably hope to arrive at 
reliable conclusions relative to the constitution of the great sidereal 
system, which presents itself to our observation under the aspect of the 
Milky Way, and of which the sun, as well as the greater number of the 
stars visible even in the most powerful telescopes, may be regarded in all 
probability as so many of the constituent bodies. 


* See the table of apparent densities for stars of different magnitudes, which Sir John 
Herschel has given at page 382 of his Results of Astronomical Observations at the Cape 
of Good Hope, §e. 
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Innusrrations or Pranetany Perrursatioy, 


Ir is not intended here to attempt a detailed exposition of the principles 
of Planetary Perturbation. The object of the following remarks ig - 
mainly to elucidate the peceliar features of perturbation which characterise 
the mutual action of two revolving bodies, the mean motion of one-of 
which around the central body is almost exactly double the mean motion 
of the other. Several examples of this mode of perturbation occur in 
Physical Astronomy, one of the most interesting of which relates. to 
the mutual action of Uranus and Neptune ; and it is chiefly with the view 
of exhibiting its influence in the theory of these planets that the series of 
illustrative notes, which we now submit to the attention of the reader, 
have been drawn up. ; 
(1.) Let us suppose a body to receive an impulse in free space, and to be 
subjected at every instant to the action of a force tending toa fixed point s. 
Let P represent the initial 
position of the bedy, and Jet 
us first suppose it to be pro- 
jected in the direction pt, so 
that the angle spr is obtuse. . 
If it was not acted upon after- 
wards by any force, it would 
advance along pT with a uni- 
form velocity depending on 
the intensity of the impulse ; 
and the angle contained be- 
tween the radius vector and 
the line Pt, representing the’ 
direction of motion, would con- 
tinually increase. The central 
force at s, however, by its in- 
7 cessant action, prevents the 
body from moving in the same direction during any assignable interval of 
time, however short; so that while the body would have described the 
‘small space PQ with the velocity due to the impulse, it is in reality con- 
strained to move in the curvilinear arc pr; and the angle contained 
between the direction of motion and the radius vector, instead of being 
equal to 8q7, is now equal only tosrx. It appears, therefore, that the 
central force tends to make the angle contained between the direction of 
motion and the radius vector less than it would be, if the body had pro- 
ceeded in the direction of the impulse. The same remark evidently 
applies to the case in which the body is impelled in the opposite direction 
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(2.) Since the central force acts obliquely at p, with respect to the direc- 
tion of motion, it does not draw the body with its whole intensity out of the 
line pr. If we resolve it into two directions, one of which is parallel to 
the tangent pr, and the other perpendicular to that line, it will at once 
be seen, that only the force which acts in the latter direction is effective 
in pulling the body into the orbit. The intensity of this force is to that 
of the whole central force as the perpendicular upon the tangent to the 
radius vector, or assy tosp. The remaining element of the force acts 


. in the direction of the tangent rv, and tends to retard or accelerate the 


body, according as it is proceeding towards t or 1’, its intensity being to 
that of the whole force as Py to 8P. ; 

(8.) It appears, then, that when a body is compelled to revolve in a curvi- 
linear orbit, by the action of a force directed constantly to a fixed point, its 
Inotion is continually retarded as it recedes to a greater distance from the 
centre of force; while, on the other hand, when the body is approaching 
the centre of force, its motion is continually accelerated. Itmay be shewn, 
by a strict investigation founded on dynamical principles, that the motion 
of a body, when maintained under such circumstances, is so regulated,. 
that the arcas swept over by the radius vector are proportional to the 
times in which the corresponding curvilinear spaces are described by the 
body.. This celebrated theorem was first discovered by Kepler, who found 
it to be applicable to the elliptic movements of the planets; and it was 
subsequently demonstrated by Newton to be true in every ease of curvi- 
ee motion depending on the action of a central force. (Principia, 
ib. i, prop. i.) 

(4) I iabouae the central force at s tends to make the angle contained 
between the direction of motion and the radius vector less than it would 
have been if the body had been allowed to proceed in the direction of the © 
impulse, it does not necessarily follow that the same angle, when con- 
sidered solely with reference to the orbit in which the body revolves, will 
actually undergo a diminution of magnitude. Thus, although the angle srx 
representing the new inclination of the path of the body to the radius vec- 
tor, is less than sq‘, it is not necessarily less than the angle s Pp 1, repre- 
senting the angle of inclination at p.- In fact the angle contained between 
the line representing the direction of motion and the radius vector, or the 
tangential angle, as we shall hereafter for the sake of brevity denominate 
it, may continually increase or continually diminish, or it may even con- 
stantly retain the same magnitude; the question of its variation at any 
given point depending on the circumstances which determine the motion 
of the body at that point; namely, the relative values of the radius 
vector, the tangential angle, the velocity, and the force. It is manifest . 
that if the deflection of motion at any point be exactly equal to the 
angular displacement of the radius vector, the tangential angle will not 
vary; if it be greater than the displacement of the’ radius vector, the 
tangential angle will diminish; if less, the same angle will increase. 

.(5:) It may be demonstrated that if the velocity-ef a body revolving in 
a curvilinear orbit under the influence of a force tending to a fixed point, 
be less than that of a body revolving at the same distance in a circular 
orbit woder the influence of a force of equal intensity, directed to the 
centre of the circle, the tangential angle will diminish; but if the velocity 
be greater than that in a circle under similar circumstances, the tangential 
angle will increase. 
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that in the circle at the same distance, the tangential angle will neither 
increase nor diminish at that point; and, therefore, it may be regarded as 
invariable for an infinitely short space of time. If this relation hold 
good for every point of the orbit, the tangential angle will always retain 
the same magnitude. The circle is a particular example of the orbit 
described under such circumstances; the force being supposed to be 
directed continually to the centre of the circle. In this case the tan- 
gential angle is always equal toa right angle. The orbit generally cor- 
responding to any constant value of the tangential angle, is represented 
by a curve termed the equiangular spiral. Newton has demonstrated 
(Principia, lib. i., prop. ix.), that the force required to maintain a body 
revolving in such a spiral, varies inversely as the cube of the distance. .. 

(7.) Since the circumstances which determine the motion of a body in 
a cirele are, the relative values of the distance, velocity, and force, it ig 
clear that the invariability of the tangential angle, in any case of curvi- 
linear motion maintained by a central force, will be independent of 
the actual magnitude of the tangential angle at the point under con- 
sideration. = 
- (8.) We have seen that if the motion of a body be supposed to be free, « 
after it has received an impulse in any direction, the angle contained 
between the direction of motion and the radius vector will continually 
increase. Hence if the angle of projection be acute, there is a point 
in the subsequent path of the body at which the direction of motion is 
perpendicular to the radius vector. In the case of curvilinear motion, it 
is manifest that if the tangential angle at any point be acute, it would 
gradually increase so as to become equal to a right angle, provided the 
body was allowed to proceed in the direction of the tangent. Thus, if the 
body revolving at p was allowed to proceed in the direction P 1’, uninfluenced 
by any force, the motion would be perpendicular to the radius vector} or, 
in other words, the tangential angle would be equal to a right angle, when 
the body arrived at y. Beyond this point the tangential angle would 
continually increase, approaching nearer than any assignable limit to two 
right angles. It follows, therefore, that when the tangential angle is 
acute, tho body is naturally approaching an apse; and, since the central 
force generally tends to diminish the tangential angle, its effect in such.a, 
case 1s manifestly to retard the arrival of the body at the apse. . It is 
clear also, that the more intense the central force is, the more influential 
will it be in producing such an effect. ~ 

(9.) When the tangential angle is obtuse, the body, if free to move in 
the direction of the impulse, would continually recede from the position 
in which the direction of motion is perpendicular to the radius vector. 
The central force, however, by tending ¢o diminish the tangentia] angle, 
manifestly retards the recess from perpendicularity; and if the deflective 
influence of the force so far prevail over the natural tendency of the body 
to persevere in the same direction as to occasion an actual diminution of 
the tangential angle, the latter may be reduced to such an extent as to 
become ultimately equal to a right angle. In such a case it is manifest 
that the more intense the force is, the sooner will the perpendicularity of 
the motion with respect to the radius vector be effected. It has been 
remarked that the contrary is true when the tangential angle is acute; or, 
in other words, when the body is approaching an apse, independently 
of the action of any force. : 

({10.) Let us now consider the motion of a body which is compelled to 
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revolve in an elliptic orbit by the action of a force directed continually to 
one of the foci. Let anc p represent the extremities of the axes of 
the ellipse, and let the force tend to the focuss. Let us suppose the 
body to have been originally at the 
upper apse a, and to have received an 
impulse in the direction ar at right 
angles, to ca. If no force afterwards 
acted upon the body, it would have pro- 
ceeded with a uniform motion along the 
tangent av, and the angle contained 
between the direction of motion and 
the radius vector would have continually 
increased. The influence of the force 
at s, however, is such that while the 
planet would have described the small 
space AQ in virtue of the impulse, it 
is in reality constrained to move in 
the curvilinear are An. ‘he amount of deflection also is more than that 
which would be required in order to maintain the perpendicularity of the 
motion with respect to the radius vector; for the new tangential angle 
sRxX is not only Jess than the obtuse angle sq7, but is even less than 
the right angle s 'r, representing the angle of projection. From a to B 
the deflection of motion is more than adequate to compensate for the 
angular shifting of the radius vector, and the tangential angle in conse- 
quence diminishes. The momentary decrement of the angle, however, 
continually diminishes also from a, and finally vanishes altogether when 
the planet arrives at B. At this point of the orbit, the deflection of 
motion exactly compensates for the angular shifting of the radius vector, 
and the tangential angle remains for an instant invariable. As the planet 
revolves from 8, the angular shifting of the radius vector, now very rapid, 
from the continued acccleration of the planet, exceeds the corresponding 
deflection of motion; and the tangential angle gradually opens out, 
becoming again equal to a right angle at c, when the radius vector has 
swept over an arc of 180° from 4. At this point, therefore, the direction 
of motion represented by the tangent cy, is exactly opposite to the direc-- 
tion of the original impulse. As the planet revolves from o to p, the 
momentary detlection of motion is still inadequate to compensate for the 
angular displacement of the radius vector, and the tangential angle con- 
tinues to open out. The momentary increment of the angle, however, 
which increased from nothing at n, until it attained its maximum at c, 
has since been continually diminishing, and finally vanishes when the 
planet arrives at p. At this point the deflection of motion again exactly 
compensates for the angular displacement of the radius vector, and the 
tangential angle for an instant neither increases nor diminishes. As the 
planet revolves from p, the deflection of motion is now more than ade- 
quate to compensate for the angular shifting of the radius vector; and, as 
@ necessary consequence, the tangential angle diminishes, becoming once 
more equal to a right angle when the planet has returned to its original 
position a. The momentary decrement of the angle increases from nothing 
at D, until it attains its maximum at a; from which point it continually 
diminishes, and finally vanishes at 3, as has been already stated. 

(11.) It appears, then, that when the planet is revolving from mean 
distance to meau distance. through the lower apse, the deflection of motion 
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occasioned at each successive instant by the action of the central force, is 
inadequate to compensate for the angular shifting of the radius vector, 
and the tangential angle in consequence continually enlarges; but, on 
the other hand, when the body is revolving from mean distance to mean 
distance through the upper apse, the deflection of motion is more than 
adequate to compensate for the angular shifting of the radius vector, and 
the tangential angle in consequence continually diminishes. Hence the 
tangential angle attains its greatest contraction when the planet in the 
course of descending to the lower apse has arrived at the mean distance, 
and it has opened out to its greatest extent when, in the course of ascend- 
ing to the upper apse, the planet has again receded as far as the mean 
distance. In the former case it will be represented by sBv, and in the 
Jatter by its supplement spz. Moreover, the enlargement of thé tan- 
gential angle is most rapid when the planet is passing through the lower. 
apse, and its diminution most rapid at the upper apse; while again, 
in each of the positions of mean distance, it remains for an instant in- 
variable. 

(12.) It has been stated (6), that if, in any case of a body revolving in 
curvilinear orbit, under the influence of a force tending continually ‘to a 
fixed point, the deflection of motion caused by the force at any assigned 
point, should exactly compensate for the angular displacement of the 
radius vector, so that the tangential angle should remain for an instant 
invariable, the velocity at that point is equal to the velocity in a circle at 
the same distance. Now, since in the foregoing case the ‘tangential angle 
remains for an instant invariable when the planct is at the mean distance, 
we may conclude that the velocity is then equal to the velocity in a circle 
at the same distance. This theorem was originally deduced by Newton 
from his investigation of the laws of elliptic motion maintained by 
the action of a force tending to the focus (Principia, lib. i, prop. xvi., 
cor. 4.), : 

13) Let us now suppose a planet to be revolving in an elliptic orbit, 
and to be disturbed by a small force acting for a short space of time in 
the direction of the radius vector. Let us assume the eccentricity of the 
orbit to be so inconsiderable that the radius vector does not deviate sen- 
sibly from a perpendicular to the planet’s motion, In such a case the 
disturbing force tends wholly to increase or diminish the tangential angle 
according as it acts outwards or inwards with respect to the central force. 
Let us suppose it to act inwards so as to diminish the tangential angle, 
and let us first consider the case in which it disturbs the planet a little 
after the passage of the perihelion. Since the tangential angle is in the 

course of opening out, the action of the 

disturbing force will make it equal to the 

tangential angle at @, a point less advanced 

4’ in the orbit. Now when the planet is in 

B the vicinity of either apse, its distance 
i from the focus varies very slowly, and the 
same is true respecting the velocity and 
the force. Hence the circumstances which 
determine the path of the planet at r and q may be regarded as identical. 
The new orbit of the planet may therefore be represented by supposing 
the line of apsides of the original ellipse to have revolved in: the .direc- 
tion of the planet's motion through an angle equal to ys @. In other 
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words, the effect of the disturbing force is to make the line of apsides to 
progress. : 

(14.) It is manifest that the increment of the tangential angle in pass- 
ing from q to P is equal to the excess of the angular displacement of the 
radius vector over the absolute defiection of motion corresponding to the 
arc included between the same two points. Hence the diminution of the 
tangential angle at p due to the disturbing force is less than the angle 
P 8 Q representing the progression of the apsides, by the absolute deflec- 
tion of the motion of the planet in passing from q to P. 

(15.) Let us now suppose that p has revolved: to a sufficient distance 
from the perihelion to occasion a sensible difference in the circumstances 
of motion at Pande. We have seen (11) that the effect of this differ- 
ence is such as to make the tangential angle open out more slowly at P 
than at a. Hence it is evident, that if we trace back the motion of the 
planet in the new orbit from P, the place of the perihelion will be reached 
later than if the motion had been similarly traced back from Q, the place 
of the corresponding tangential angle in the original orbit, ‘The line of 
apsides in this case will therefore have advanced through an angle as a’ - 
(see the figure on the preceding page), which will be somewhat less than 
the angle ys. It is manifest also, from the circumstance of the velocity 
and force at p being less than the velocity and force at g, that the motion 
of the planet at the lower apse will now be slower than it was in the 
original orbit; and since the area momentarily described by the radius vec- 
tor is not altered by the disturbing force, it follows that the perihlion dis- 
tance of the planet will be greater than it formerly was. Now, the mean 
distance being independent of the disturbing force (inasmuch as its direct 
effect is supposed to be confined to an alteration of the tangential angle), 
it is a necessary consequence of the perihelion distance bein; greater that 
the aphelion distance should be less. It is manifest, dierelire, that be- 
sides causing a progression of the apsides, the disturbing force tends to 
diminish the eccentricity as the planet revolves from the perihelion. 

(16.) It is easy to perceive, from geometrical considerations, that the 
eccentricity is diminished by the disturbing force, for unless the perihe- 
lion distance of the new ellipse was somewhat greater than that of the 
undisturbed eHipse, it would be impossible for the two orbits to intersect 
each other in p, so that the planet should subsequently move within its. 
original path—a condition necessarily implied by the diminution of the 
tangential angle at that point. 

(17.) Let us now suppose that the planet while receding from the aun 
has arrived at the mean distance, and let the disturbing force act. At 
this point the momentary variation 
of the tangential angle vanishes. 
Now, it has been remarked (7%) that 
the fulfilment of this condition is in-, 
dependent of the actual magnitude 
of the tangential angle; it will there- 
fore still hold good in the present 
case, notwithstanding the diminution 
of the tangential angle occasioned. by 
the action of the disturbing force. But the point at which the momentary _ 
variation of the tangential angle vanishes, is that at which the same angle 
is a maximum or a minimum, and jn an elliptie orbit is one of the noite 
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of mean distance. Hence it follows that in the new, as well as in the 
undisturbed ellipse, the planet is at the mean distance, Let p denote the 
place of the planet, p 7 the tangent of the undisturbed orbit, and p Y the 
tangent of the new orbit. Now, since in an ellipse the tangent at either 
extremity of the minor axis is parallel to the major axis, the position of 
the latter will be determined by drawing a’ s x’ parallel to p ‘7. The line 
of apsides has therefore progressed through an angle equal to the amount 
of deflection occasioned by the disturbing force. 

(18.) The eccentricity of the new ellipse will be determined by the 
angle s PY’, representing the maximum value of the tangential angle, 
The greater this angle is the more eccentric is the ellipse. In the present 
case this angle is less than it was in the undisturbed orbit. Hence. it 
appears that the eccentricity is diminished by the action of the disturbing. 
force. . 

(19.) Let the planet now be moying towards the aphelion, and, when it 
has arrived at P, let it be disturbed by a small force tending to increase 
the central force at s. Since the tangential angle is now in the course of 
contracting, the immediate effect of the 
disturbing force will be to make it equal 
to the tangential angle at 9, a point more ° 
advanced in the orbit; and since the dis- 
tance, velocity, and force may be supposed 
to be equal at rand a, in consequence of the 
Vicinity of the planet to the apse, the cir.. 
cumstances which determine its path may 
be regarded as identical at those points. 
Hence, the new orbit of the planet may 
' be represented by supposing the major axis of the original ellipse to 

have revolved through an angle equal to Ps q, in a direction contrary to 

that of the planet’s motion; im other words, the line of apsides has 

regressed, . 

(20.) In the foregoing case it has been assumed that the circumstances 
* of motion at p and Qare identical. Let us suppose, however, that while 
the planet is moving towards the aphelion, its distance from the apse at 
the instant when the disturbing force acts, is sufficiently great to occasion 
a sensible difference in the circumstances of motion at P and a. Since 
the tangential angle is closing more slowly at p than at @ (11) the planet 
will be somewhat longer of arriving at the apse in the new orbit than if it 
had started in the original orbit from g. Hence it is obvious that the 
line of apsides will have revolved through an angle ns ’ (sce the above 
figure), somewhat less than the angle psq. In this case, then, the regres- 
sion of the apsides is less considerable than that which results when the 
planet is in the immediate vicinity of the apse. Again, since the velocity 
at P is presumed to be sensibly greater than that at a, while at the’same 
time the motion of the planet in either case is almost perpendicular to 
the radius vector, it is clear that the velocity of the planet at the aphelion 
will now be quicker than it was in the original orbit. The eccentricity 
has therefore been diminished by the disturbing force. This, indeed, ig 
readily perceived from the mode in which the two ellipses intersect. each 
other; for the aphelion distance of the new orbit is manifestly less than 
that of the original orbit. 

(21,) It will be found, by reasoning precisely similar to that employed 
above, that when the planet is revolving from the aphelion to the perihe.” 
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lion, the line of apsides will regress if the disturbing force should act 
+ after the passage of the aphelion, but will progress if it should act at the 
mean distance or before the passage of the perihelion; while again, the 
eccentricity in each of these three cases will be increased by the disturbing 
force. 
_ (22.) We have seen that if the disturbing force should act when the 
planet is at the perihclion, the effect is then thrown wholly upon the 
apsides, which rapidly progress; that at the mean distance the apsides 
algo progress, (though with less rapidity, the effect now being thrown 
ly upon the apsides and partly on the eccentricity); but that 
if the disturbing force acts when the planet arrives at the aphelion, 
the effect is again thrown wholly upon the apsides, which, however, in this 
ease reyress. Hence it is obvious, that there must be some intermediate 
point of the orbit between the mean distance and the aphelion at which 
the disturbing force produces no effect on the position of the line of 
apsides. Similarly, it is manifest that there must exist some point between 
the aphelion and the subsequent point of mean distance, at which the 
line of apsides does wot undergo any change of position from the action of 
the disturbing force. It may be found by a simple investigation, to which 
we shall presently allude more particularly, that the two points in ques- 
tion are the extremities F Gc of the ordinate passing through 4 the upper 
focus of the ellipse. In fact, as the planet revolves 


B. from F to G through A, the line of apsides every- 
oe where progresses from the action of the disturbing 

F a force, the amount of progression increasing from 
4 nothing st ¥ until it attains its maximum at A, and 

\ subsequently diminishing until it vanishes again at 


G. Similarly, from ¢ to ¥ through 3, the line of 
series everywhere regresses from the same cause, 
ne amount of regression being greatest at a, and 


St diminighing in cither direction towards r and a. 
(23.) We have seen that if, when the planet 
- is revolving from the lower to the upper apse, the 


disturbing force act a little after the passage of the 
perihelion, at the mean distanwe, or a little before the passage of the 
aphelion, the eccentricity is in each case diminished ; but that, on the 
other. hand, when the planet is revolving from the upper to the lower 
apse, the eccentricity in each of the corresponding cases is increased by 
the action of the disturbing foree. Generally it may be shewn, that from 
4 to B through ¢ the eccentricity is everywhere diminished by the action 
of the disturbing force, the amount of diminution increasing from nothing 
at 4 until it attains its maximum at G, and subsequently diminishing until 
jt vanishes at B; and ou the other hand, that from B to a through F the 
eccentricity is everywhere increased by the action of the disturbing force, 
the amount of increase being greatest at ¥, and diminishing from that 
point towards a and vp.  ‘I'hus it appears, that when the variation in the 
position of the apsides is greatest, the variation of the eccentricity is least, 
and vice versa. ~ 
(24.) If we suppose the disturhing force to act in the direction of the 
yadius vector so as to diminish the central force at s, it will be found, ina 
similar manner, that the effect both upon the eccentricity and the apsides 
will now be precisely the reverse of that produced when the disturbing 
force acts inwards. In this case the eccentricity will increase from a to 
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8 through c, and will diminish from B to a through F; and on the other 
hand, the apsides will regress from ¥ to ¢ through a, and will progress 
from @ to F through B. The points where the variations of both elements 
attain their maximum values, and also those at which they severally 
vanish, will be the same as in the former case. 

(25.) Let us now consider the effect of a small disturbing force acting 
ina direction perpendicular to the radius vector. In all such cases the 
eccentricity of the orbit is supposed to be so inconsiderable, that the dig- 
turbing force may be regarded as acting in the direction of the tangent, 
and consequently as tending wholly either to accelerate or retard the 
motion of the planet. Let us Suppose, then, that it tends to increase the, 
velocity of the planet, and first let it act when the planet is at the 
perihelion, The velocity being now increased, the central force will have. 
less control over the planet, and the latter in consequence taking a wider 
sweep, will now recede, farther at the mean distance. It ig manifest, also, 
since the tangential angle continually enlarges from the perihelion to the 
mean distance, that it will now open out to a greater extent than it for- 
merly did. Now, the greater the maximum value of the tangential angle,, 
the more eccentric is the orbit. Hence the effect of the disturbing force - 
is to increase the mean distance, and also the eccentricity. It is manifest, 

» that the position of the line of apsides cannot suffer any alteration from 
the action of such a force. 

(26.) Let us now suppose the disturbing force to act at the aphelion. 
Since the velocity is increased, the central force will be less effective 
in deflecting the motion of the planet, and the latter in consequence 
taking a wider circuit, will not approach so near the centre of force at 
the mean distance as it formerly did. Morcover it is manifest, since the 
diminution of the tangential angle continues from the aphelion to the 
mean distance, that when it attains its minimum value, it will be less, 
acute than it formerly was. Hence the effect of the disturbing force in 
this case is, to increase the mean distance, and to diminish the eccen- 
tricity. 

(a7) It is manifest that the conclusions above deduced are equally 
applicable if we suppose the disturbing force to act: at a little distance on 
each side of the apse, whether the latter refer to the perihelion or the 
aphelion, for the circumstances which determine the path of the planet 
are then almost the same as if the disturbing force had acted exactly at 
the apse, 

(28.) Let us suppose the planet to be revolving from the lower to‘the 
upper apse, aud let the disturbing force act when it has arrived at the 

mean distance £. At this point the 
deflection of motion in the undis- 
turbed orbit exactly compensates for 
the angular displacement of the radius 
vector, and the tangential angle in 
cousequence remains for an instant 
invariable. The velocity of the planet, 
however, being now increased by the 
action of the disturbing force, the 
momentary deflection of motion will 
; be diminished, and therefore the tan- 
gential angle will still continue to open out. Let 2’ be the point at which 
tha. ennai aintaee. ot eAk aee oo cla: eter | 1 a os, 
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responding change of direction of the radius vector, and let w’ 7’ be a 
tangent to the orbit at that point. Then, since the angle s FE’ 1 is greater 
than s ET, it follows that the eccentricity is inereased by the disturbing 
force. It is evident, however, that the increase of that element is very 
small, for the planet is in the most favourable position for the retardation 
of its motion by the central force, and consequently the deflection of 
motion is speedily brought to an equality with the angular displacement 
of the radius vector. The position of the major axis of the new orbit will 
be determined by drawing a’ 8’ parallel to gE’ 7, whence it js evident that 
the line of apsides has progressed. Tt may be shewn, in a similar manner, 
that when the planet is revolving from the upper to the lower apse, the 
effect of the disturbing force at the mean distance is, to diminish the 
eccentricity, and to make the line of apsides regress. In every point of 
the orbit, the mean distance is obviously increased by the action of the 
disturbing force. : 

(29.) Since the eccentricity js increased at & and diminished at B by the 
action of the disturbing force, it js evident that bee some intermediate 
point at which the disturbing force produces no effect upon that element. 
For a similar reason, there must be some point between B and the follew- 
ing point of mean distance at which the eccentricity does not undergo any 
change from the action of the disturbing force. These neutral points are 
found by strict investigation to be FG, the extremities of the ordinate pass- 
ing through the upper focus of the ellipse. (See the figure at page 590). 

(30.) Generally it may be shewn, that from F to ¢ through a, the eceen- 
tiicity is everywhere increased by the action of the disturbing force, the 
variation increasing from nothing at F until it attains its maximum at 4, 
and subsequently diminishing by equal degrees until it vanishes at G. 
On the other hand, from @ to ¥ through B, the eccentricity is every- 
where diminished by the action of the disturbing foree, the variation 
being a maximum at B, from which point it diminishes towards F and G. 

(81.) With respect to the line of apsides, it has been found to progress 
if the planet, while revolving from the perihelion to the aphelion, should 
be at the mean distance when the disturbing force acts, and to regress, 
if the planet, in the course of revolving from aphelion to perihelion, 
should have arrived at the corresponding point of the orbit; while, again, 
at either apse it does not undergo any change of position. © Generally it 
may be shewn, that from a to B through a, the line of apsides progresses, 
and that from 8 to a through Fr, it regresses, the variation attaining its 
maximum values at F and ¢, and yanishing at a and B. Thus it appears, 
that in passing from 2 disturbing force acting in the direction of the 
radius vector, to one acting at right angles to that direction, an inter- 
change takes place between the points of maxima and minima of the 
variations of the eccentricity and the apse. 

(82.) If the disturbing force act in a direction contrary to that of the 
planet's motion so as to diminish the velocity, the effects produced upon 
the eccentricity and the line of apsides will be’ precisely the reverse of 
those ‘abovementioned. The eccentricity will increase from a to B 

- through G, and will diminish from B to A through F; while again the line 
of apsides will regress from F to G through a; and will progress from c to 
F throngh B. Moreover the points at which the variations attain their 
maximum values, and also those at which they vanish, will be the same 
aa in the case wherein the disturbing force tends to increase the velocity 
of the planet. 
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(33.) The variation induced in the position of the line of apsides by a dis- 
turbing force of given intensity is greater, as the eccentricity of the orbit is 
less. The truth of this proposition will appear manifest on a very slight 
consideration of the subject. It is easily seen that a variation in the posi- 
tion of the line of apsides is tantamount to a variation of the tangential 
angle in any point of the orbit. Now the variation of the tangential angle 
is slower as the eccentricity is less, the difference between its least and 
greatest values continually diminishing, until at length, when the orbit 
becomes a circle, the difference vanishes altogether, and the tangential 
angle is constantly of the same magnitude. The same is obviously true 
if the difference refer to any two yalues of the tangential angle compre- 
hended within the extreme values. Hence it follows that the displace- 
ment of the line of apsides which will be required in order to adapt the 
orbit to given alteration in the magnitude of the tangential angle due to 
a disturbing force of given intensity at any point, will be greater as the 
eccentricity of the orbit is less. - 

(34.) Since the tangential angle varies toa greater extent as the disturb- 
ing force is more intense, we may therefore infer conversely, that in order 
to induce an alteration of given magnitude in the position of the line of 
apsides, the intensity of the disturbing force must fs greater as the orbit 
is more eccentric. 

(35.) Hitherto we have supposed the disturbing force to act fora. short 
space of time and then to cease. If its action be constantly kept up asin 
every case of planetary perturbation, the alteration effected in any of the 
elements of the orbit during a given interval of time, may be ascertained 
by investigating the change for cach successive instant, and then sum- 
ming up the results. It is casy by means of the foregoing principles to 
determine the character of the effect produced in any such case, alt ough 
its exact amount can only be ascertained by a process of computation 
based on the principles of ‘the infinitesimal calculus. 

(36.) Mr. Airy has shewn (Gravitation, notes to Arts. 50 and 65), that 
by a slight modification of the figure given by Newton in Prop, XVII. of 
the first book of the Principia, the effects produced on the eccentricity 
and the position of the line of apsides by a force acting either in the di- 
rection of the radius vector, or along the tangent of the orbit, may be 
clearly exhibited to the eyo. Sir John Herschel has actually employed 
this mode of expounding the variations of the elements in question in his 
recently-published Outlines of Astronomy. The simplicity and elegance 
of the investigation will amply justify its insertion here. 

(37.) First let us suppose the disturbing force to act in the direction of 
the radius vector, so as to increase the attractive force ats. We have 
seen that the direct effect of such a force is 
to diminish the tangential angle. Let it act 
at p, and let the tangent 1 7’ at that point be 
deflected in consequence, so as now to oceupy 
the position x x’. Draw p w’ so that the 
angle 4’ P x’ shall be equal to s p x, the new 
value of the tangential angle. From p, set off 
P n’equal topy. Bisects a’ ino’. Then iss c’ 
the new eccentricity of the orbit, and 4’s ay’ 
the new position of the line of apsides. For, 
he tha naennarie af tha. ollieck cK oe 
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tangent. Hence the upper focus of the new ellipse must be somewhere 
in the line pn’, Again, by another property of the ellipse, the sum of the 
same two lines is equal to the major axis. Hence s and n’ will represent 
the foci of an ellipse whose tangential angle at P is equal tos P x, and 
whose major axis is equal to that of the undisturbed orbit. But by the ~ 
principles of dynamics, the major axis of the ellipse is not altered by 
the disturbing force. Hence the truth of the proposition is manifest. 
By varying the position of p, and supposing the disturbing force as 
tending either to increase or diminish the attractive force at s, the 
different results referred to in (22), (23), and (24) may be very easily 
deduced. 

(88.) Next let the disturbing force act in the direction of the tangent, 
go as to retard or accelerate the velocity of the planet. Let it be sup- 
posed to increase the velocity and let p be the point at which it acts. In 
this case the tangential angle at P is not 
affected by the disturbing force, but the major 
axis of the ellipse is imereased by its action. 
Produce Pu so that a14’-may represent the 
increment of the major axis occasioned’ by the 
disturbing force. Join su’, and bisect the 
line su inc’, Then will s c’ represent the 
new eccentricity of the orbit, and a’ s u’ 3B’ 
the new position of the line of apsides. The 
truth of this proposition is so obvious as to 

: yender any formal demonstration of it supef- 
fluous. The various theorems announced in (30), (31), and 82) are easily 
deducible from it. 


— 


II. 


APPLICATION OF THE FOREGOING PRINCIPLES TO CERTAIN CASES OF ACTUAL 
PERTURBATION. 


(39). Let us suppose two comparatively small bodies to be revolving in 
circular orbits situate in the same plane, round a large central body s, and let 
the mean motion of the interior revolving body be almost exactly double the 
mean motion of the exterior one. Let us assume also, for facility of explana- 
tion, that the exterior body maintains a fixed position at p, while the interior 
body performs an entire revolution around 
s. Join sr by a straight line, cutting the 
orbit of the interior body in a and v. 
Then pa P will represent the line of 
conjunction of the two bodies. Now in 
those eases of the solar system where- 
in. the mean motion of one revolving 
body is almost exactly double the mean 
motion of the other, the effects produced 
by the mutual perturbation of the two 
bodies are sensible only near conjunc- 
tion. Let us suppose that in one of 
such cases the disturbing influence of the exterior body first becomes sen- 
sible when the interior body has arrived at B, a position somewhat less ad- 
vanced than the line of conjunction. It may be easily shewn that the disturb- 
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ing force of the exterior body will then be resolvable into two distinct forces, 
one of which acts in the direction of the radius vector, and the other in the di- 
rection of a tangent to the orbit. ‘The former of these forces acts outwards 
throughout the whole of the are B A c, and consequently tends to diminish 
the attractive force of the central body s. Withrespect to the force which 
acts in the direction of the tangent, or the tangential force as it may be 
called, it tends to accelerate the interior body while revolving from B to A, 
and to retard it by like degrees while revolving from a to c. 

(40.) The disturbing influence exercised by the interior body upon the 
exterior one, is also sensible only near conjunction. In this cage the 
force resolved in the direction of the radius vector of the disturbed bedy 
acts inwards, and consequently tends to increase the attractive force of 
ie central body. The tangential force tends to retard the exterior 

ody before conjunction and to accelerate it by like degrees after con- 
junction. 

(41.) If we suppose the orbits to be slightly eccentric, as when the 
question refers to the mutual action of the celestial bodies, the character 
of the disturbing forces will be the same as above described. It is mani- 
fest that in’such a case the disturbing body will occasion a continual 
change in the elements of the disturbed body during the time of its 
influence being sensible. Let us suppose, for example, that the orbit 
Ao DB, of the interior body, is slightly eccentric. It is manifest that 
when the body is revolving from c to B through p, the elements of its 
orbit will not undergo any material alteration, because the action of 
the disturbing body over that portion of the orbit is so feeble that it 
may be neglected without occasioning any sensible error. As it revolves 
from B to c, however, the elements of the orbit will continually vary from 
the action of the disturbing force, and when it has arrived in the latter 
position, it will proceed to revolve in a new elliptic orbit, the difference 
between the elements of which and those of the orbit in which it was 
revolving previous to its arrival in b, will generally differ for each sy- 
nodic revolution. It is manifest, from what has been already said in the 
foregoing pages, that the variations thus induced in the elements of the 
orbit of the disturbed body, will depend mainly on the position of the line 
of apsides of the orbit of each body with respect to the line of conjunction. 
(42.) Let us now consider more particularly the perturbations produced 
in those cases of the planetary system wherein the mean motions of the 
two revolving bodies are actually characterised by the relation above men- 
tioned. One very striking instance of such a relation occurs among the 
primary bodies of the system. The mean motion of Uranus is almost 
exactly double that of Neptune. A similar relation holds good between 
the first and second, and the second and third satellites of Jupiter; and 
also between the first and third, and the second and fourth satellites of 
Saturn (counting outwards from the planet), We shall first consider 
the mutual action of Uranus and Neptune. 

(48.) According to the most recent researches of astronomers, the period 
of Uranus is 84.014 years, and that of Neptune, 164.6181 years. Hence 
when Uranus has completed two revolutions, Neptune will have completed 
one revolution, and will also have advanced in a second revolution over 
an are corresponding to 3.4099 years. It is manifest, therefore, that if 
the two planets be supposed to have been originally in conjunction, Uranus 
after completing two revolutions. will require to advance a Httle beyond 
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into conjunction with that planet. It may be easily shown that Uranus 
will require to advance through an are equal to 15° 15’, before it again 
comes up with Neptune. The same is true with respect to the third 
conjunction of the planets, and thus it is evident that the line of conjunc- 
tion on each of such occasions will advance through an are equal to 15° 15’ 
in the direction of the motions of the two planets. 

(44.) It has been remarked (41), that the alteration induced in the 
elements of either planet on the cecasion of its conjunction with the 
disturbing planet, will depend upon the position of the line of apsides 
of the orbit of each planet with respect to the line of conjunction. Let 
us consider the effect which Neptune tends to produce on the eccen- 
tricity and the longitude of the perihelion of Uranus. If the line of | 
apsides of the disturbed planet be oblique with respect to the line of 
conjunction, it is manifest that the variation of the eccentricity cannot 
effect a complete compensation, and therefore a change will ultimately be 
produced in the value of that clement, which will be maintained until 
the planet again arrives within the sphere of the disturbing force on 
the occasion of approaching the next conjunction. It is easy to see, 
therefore, that in such a case the eccentricity of the orbit would undergo 
an alteration at each successive conjunction. Let us suppose, however, 
that the eccentricity constantly retains the same value (which is actually 
true in so far as regards that part of the eccentricity which is essentially 
co-existent with the disturbing force, and which is the only part we are 
there considering), and let us enquire into the circumstances under which 
this condition of permanence can be maintained. Now it appears from (24), 
(30), and (82), that if the line of apsides coincide with the line of conjunction, 
the eccentricity will not undergo any change from the action either of the 
radial or the tangential force. It is manifest, however, that this coin~ 
cidence can only be maintained by a progressive motion of the line of 
apsides, equal to that of the line of conjunction. Now if the perihelion 
of the planet be turned towards the disturbing body, it follows, from (24), 
that the line of apsides will regress, and therefore, instead of constantly 
coinciding with the line of conjunction, it will immediately commence to 
deviate from that line by receding in the opposite direction. But if the 
aphelion of the planet be turned towards the disturbing body, the line of 
apsides will then progress (24), from the action of the disturbing forces ; 
and, by duly adjusting the eccentricity, the progression may be made 
exactly equal to the progression of the line of conjunction. In this case, 
then, the yariation of the eccentricity occasioned by the disturbing force 
will effect a complete compensation at each conjunction, leaving the 
eccentricity of the undisturbed portion of the orbit unaltered, while at the 
same time the line of apsides will advance regularly in. the direction of 
the planet’s motion with an angular velocity equal to that of the line of 
conjunction, or at the rate of 15° 15’ in each synodic revolution of the two 

lanets. 

(45.) The cecentricity above referred to, may be considered as an 
inequality of a perturbative character, inasmuch as the necessity for its 
existence depends wholly on the action of the disturbing force. It is 
right to bear in mind, however, that its maintenance is mainly due to the 
central force. The direct effect of the disturbing force is, merely te pro- 
duce a slight variation of the eccentricity (which, however, effects a com- 
plete compensation at each conjunction), and to cause a constant progres- 
sion of the line of apsides. 

2 
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(46.) The more nearly the mean motions of the two planets are com- 
mensurable, the less will be the angle through which the line of apsides 
will have to advance during each synodic revolution of the two planets, 
and consequently the greater will be the eccentricity depending upon 
the disturbing force. 

(47.} The progressive movement of the line of apsides is mainly due 
to the part of the disturbing force which acts in the direction of the 
radius vector. For, in the first place, the tangential force vanishes alto 
gether at the point of conjunction, where the disturbing force is most 
intense; and, in the second place, its influence in altering the position of 
the apsides is very feeble near conjunction (where alone the disturbing 
force is sensible), since, by (31), its effect vanishes at the aphelion, which, 
in this case, always coincides with the point of conjunction. On the other 
hand, the radial force is not only most intense at conjunction, but is also 
most effective (24) at the same point *. : 

(48.) If we had considered the perturbation of Neptune by Uranus, 
it would readily appear, by (22), that it is the perihelion of the disturbed 
orbit which, in this case, would require to be turned towards the point of 
conjunction, in order that the line of apsides might progress; and it is - 
‘manifest that, by a due adjustment of the eccentricity, the amount of ad- 
vance during each synodic revolution might be rendered exactly equal to’ 
the advance of the line of conjunction. Thus the eccentricity would con- 
stantly fetain the same value, while the line of apsides would regularly 
progress, coinciding always with the line of conjunction. 

(49.) With a view to illustrate the foregoing remarks, we insert the 
principal terms of the mutual perturbations of both planets, exclusive of 
those arising from independent eccentricity, the influence of which we 
are not at present considering. In calculating these terms, 2 mean dis- 
tance equal to 19.18289 has been assigned to Uranus. The mean dis- 


* If we exclude from consideration the tangential force, as incapable of exercising any 
influence upon the character of the perturbative effect, it is easy to see that the disturb- 
ing force, by acting outwards in the direction of the radius vector, tends continually to 
twist round the line of apsides in the direction of the planet's motion, First, fet the 
planet be advancing towards conjunction. In this ease the tangential angle is obtuse, 
and the planet is maturally receding from the position in which the radius vector is per- 
pendicular to the tangent ; but the deflective influence of the central force is so powerful, 
that the tangential angle is actually contracting, and is again rapidly approaching to a 
right angle. Hence the disturbing force, by weakening the influence of the central body, 
diminishes the deflection of the orbit, and themby retards the perpendicularity of the 
tangent with respect to the radius vector. It is manifest, therefore, that the planet will 
require to revolve through an angle of somewhat more than 180° from the perihelion before 
it arrives at the aphelion, or, in other words, the line of apsides will have progressed. With 
respect to the influence of the disturbing force after the passage of the aphelion, it is to be 
remarked, that if the central force were diminished in due proportion throughout the whole 
semi-ellipse, extending from the aphelion to the perihelion, the position of the line of 
apsides would not undergo any change. It is evident, therefore, that the character of 
the effect produced after the passage of the aphelion (whether progression or regression) 
will be the same as if the central force was increased a little before the arrival of the planet 
in the perihelion. Now when the planet is approaching the perihelion, the tangential 
angle is rapidly opening out, from the natural tendency of the body to persevere'in the 
same direction ; and the efficacy of the central foree consists in opposing its enlargement, 
and thereby retarding the arrival of the planet at the apse. It is evident, therefore, that 
the effect of an increase of the central force will be to retard, in a still greater degree, the 
arrival of the planet in such a position. It appears, then, that the action of Neptune upon 
Uranus causes the line of apsides to progress both before and after conjunction, It may 
tow ehpeck. ann entlar wie alee wie aad = - ge ss Fs: 
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tance of Neptune has been assumed equal to 30.0363. agreeably to the 
researches of Mr. Walker of Washington, U.S. The mass of each 
planet is supposed to be equal to 55455, the sun’s mass being repre- 
sented by unity. The angle ¢ denotes the excess of the mean longi- 
tude of Uranus above that of Neptune. 


PERTURBATION OF TRUE LONGITUDE. 


Neptune disturbing Uranus, Uranus disturbing Neptune. 
&, = — 387.537 sin @ By, = + 2527.836 sin 9 
— 815.596 sin 20 —, 10.648 sin 29 
+ 13.943 sin 39 _ 2.094 sin 39 
+ 3,146 sin 49 - 0.665 sin 49 
+ 1.055 sin 59 — 0.261 sin 5p 
+ 0.428 sin 69 - 0.115 sin 69 
PERTURBATION OF RADIUS VECTOR. 
Neptune disturbing Uranus. Uranus disturbing Neptune. 
dr, == + 0.00085 cos % Sr, = — 0.01635 cos 9 
+ 0.08738 cos 29 + 0.00119 cos 29 
— 0.00083 cos 82 + 0.00028 cos 3p 
— 0.00021 cos 49 + 0.00010 cos 49 
— 0.00008 cos 59 + 0.00004 cos 59 ~ 
— 9,00008 cos 62 + 0.00002 cos 62 


(50.) The enormous magnitude of one of the terms in each of these 
four columns relatively to the others cannot fail to strike the reader. It 
ia to be remarked also, that while in the case of Neptune disturbing 
Uranus, the preponderating term is the second in the column, both when 
the perturbation of longitude and that of the radius vector are considered, 
on the other hand, in the case of Uranus disturbing Neptune, it is the 
Jirst term in cach column which is the preponderating one. Finally, the 
sign of the proponderating term in the column representing the action 
of Neptune upon the longitude of Uranus is negative, while that of the 
corresponding term in the column which represents the action of Uranus 
upon the longitude of Neptune is positive; and the contrary holds good 
when the question refers to the perturbation of the radius vector. All 
these points may be easily explained by reference to the principles which 
govern the mutual action of the two planets. 

(51.) First let us consider the predominant term in the perturbation of 
the longitude of Uranus by the action of Neptune. It has been stated that 
@ denotes the excess of the mean longitude of Uranus over the mean 
longitude of Neptune. Hence, if during a synodic revolution we reckon 
the longitudes from the point of conjunction we have @ = n,é + n,t, and 


292 Q@n—-2@an)t= ( ny — (2 t%, —“n) ) t, %,n, denoting the 





mean annual motions of Uranus and Neptunc. Now n, = 7872.77, and 
consequently 2 n, = 15745”.54. Again, n, = 15425”.64. Hence 
2n, —n, = 319”.90, which is a very small quantity relatively to 


nN, or, and therefore 26 = (m —(Qn,—n d) t = nt very nearly. 


We have, therefore, 815.596 sin 2¢ = 815.596 sin m,¢ plus a small quan- 
tity of variable value. Now 815”.596 sin n,¢ represents the principal term 
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of the equation of the centre in an ellipse whose eccentricity is equal to 
0.00197, and, since the sign of the term is negative, it necessarily follows 
that the aphelion is turned towards the point of conjunction. 

(52.) It appears, then, that if we refer the motion of the planet to 
the line of conjunction, the predomifrant term of the perturbation in 
longitude becomes confounded with the principal inequality of an ellipse 
whose aphelion coincides with the point of conjunction. The same con- 
clusion is obviously deducible from an examination of the corresponding 
term in the perturbation of the radius vector. 

(53.) Let us now cousider the predominant term in the column re- 
presenting the action of Uranus upon the longitude of Neptune. In this 


case Q St — ant =(n, — 2) t =(% — 2 —n)) Mngt 


nearly, and consequently 262”.886 sin 9 = 292.836 sin nt plus 
a small quantity of variable value. Now 252%. 886 sin nt represents 
the principal term of the equation of the centre in an ellipse whose 
eccentricity is equal to 0.0006. Hence arises an elliptic inequality ana- 
logous to that produced by the action of Neptune upon Uranus, the only 
aifrenoe being, that in this case it is the perihelion which is turned 
to the point of conjunction, a circumstance implied by the positive sign of 
the inequality. It is manifest that the corresponding term in the pertur- 
bation of the radius vector is consistent with this conclusion. 

(54.) Tt appears, then, that the predominant term in the perturbation 
of the longitude of each planet represents the equation of the centre 
in av ellipse, in the focus of which the sun is placed. It is manifest, 
therefore, that the inequality is maintained during each synodic re« 
volution by the action of the centval foree, being perturbative only in 
so far as the line of apsides is continually twisted round in the direction 
of the planet's motion. ‘The remaining terms of perturbation in cach case 
may be considered as representing the effects moro directly due to the 
disturbing force. 

(55.) The mean motions of the two planets being very nearly commen- 
surable, it is manifest that a slight change effected in the value of either, 
would exercise a very considcrable influence on the displacement of the 
line of conjunction, and consequently would affect. in an equal degree, 
the progression of the line of apsides. Now the eccentricity thus depending 
on perturbation must always be adjusted to the motion of the apsides, 
increasing as that diminishes, and vice versd. When the motion of the 
apsides is very slow, a slight diminution of its value occasions an enor- 
mous increase of the eccentricity. Now, in the present case, the more 

nearly the mean motion of the interior planet approaches to twice the 
mean motion of the exterior one, the slower will be the motion of the 
points of conjunction, and, consequently, so will be that of the line of 
apsides. Hencg it is manifest, that the eccentricities of the two planets 
will increase indefinitely as their mean motions satisfy with greater accu- 
racy the relation just mentioned. This relation corresponds to a mean 
distance of Neptune equal to 30.4507, the radius of the terrestrial orbit 
being assumed equal to unity. 

(56.) When the mutual action of the planets is viewed through. the 
medium of analysis, this principle exhibits itself in the form of the co- 
efficient of the predominant term, whith has for a divisor the square of 
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change in the mean motion of either planet will occasion an enormous 
alteration in the value of the coefficient, which is divided by the square of 
the same quantity. 

(57.) The remaining terms of the perturbation vary only in a degree 
commensurate with the change whidh may be effected in the mean motion 
of either planet. This circumstance arises from their being mainly 
dependent on the direct action of the disturbing force, the intensity of 
which cannot be expected to undergo a considerable change in conse- 
quence of a slight alteration in the relative values of the mean distances 
of the two bodies. 

(58.) We have hitherto supposed that neither the orbit of Uranus nor 
that of Neptune possesses any eccentricity except what arises from their 
mutual action. In reality, however, both orbits are slightly eccentric, 
independently of the, effects of perturbation. In consequence of this 
cireumstance, the mutual distance of the two planets will vary at each 
successive conjunction; whence it is manifest that the intensity of their 
disturbing forces will undergo a corresponding variation. Now, in con- 
sequence of the near commensurability of the mean motions of the two 
planets, the line of conjunction shifts with extreme slowness, its displace- 
ment during a synodic revolution amounting only to 15°15’. The dura~ 
tion of a synodic revolution is 171.6 years; whence it follows that the line 
of conjunction will not accomplish a complete revolution before the lapse 
of 4051 years. During this period the disturbing forces of the two 
planets will be constantly varying in intensity, returning only at its close 
to their original values. P 

(59), Itis easy to see that this variation of the intensity of the disturbing 
forces of the two planets will occasion corresponding variations in the 
elements of both orbits, requiring an equal lapse of time to effect a com- 
plete compensation. Hence the mean distance, eccentricity, and longitude 
of the perihelion of either planet, will be subject to an excessively slow 
variation, which in each case will pass through the cycle of its values in a 
period of 4051 years. The variation of the mean distance will pro- 
duce a corresponding variation in the mean motion of each planet, and 
hence will originate an inequality in the mean longitade analogous to the 
long inequality of Jupiter and Saturn, and several others to which we 
have had occasion to allude in the course of this work. 

(60,) The circumstances which determine the long inequality of Uranus 
and Neptune are less favourable to its magnitude than those which deter- 
mine the analogous inequality in the longitudes of Jupiter and Saturn, 
inasmuch as the masses, eccentricities, and inclinations of the disturbing 
planets ave less in the former case than in the latter. In one respect, 
chowever, the magnitude of the inequality is liable to be much greater in 
the case of Uranus and Neptune than in that of Jupiter and Saturn, or 
any other two plancts yet discovered, whose mean motions are nearly 
commensurable. In the case of Jupiter-and Saturn, every three conjunc- 
tions take place in different parts of the orbit, and it is merely the minute 
quantity which temains outstanding after every such triple conjunction, 
that is allowed to accumulate upon the longitude.. With respect to the 
Jong inequality of the Farth and Venus, the accession to the mean longi- 
tude is only what remains uncompensated after every fifth conjunction of 
the two planets. On the other hand, in the case of the long inequality of 
Uranus and Neptune, every two sutcessive conjunctions occur in the same 
part of the orbit, the interval included between them being merely the 
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small displacement arising from the absence of perfect commensurability 
in the mean motions of the two planets. In consequence of this circum- 
stance, it happens that the whole effect produced by the disturbing planet 
at each successive conjunction is accumulated upon the mean longitude. 

(61.} A similar conclusion is suggested by the analytical view of the 
subject. In the case of Jupiter and Saturn, the inequality is mainly 
represented by a class of terms, which are only of the third order of mag- 
nitude with respect to the eccentricities and inclinations of the two 
planets. The long inequality of the Earth and Venus depends upon a 
series of terms, the most considerable of which are only of the fifth order 
of magnitude with respect to the eccentricities and the inclinations. On 
the other hand, the long inequality of Uranus and Neptune is mainly con- 
tained among a class of terms which are as high as the jirst order of 
magnitude relatively to the same elements. 

(62.) The more nearly the mean motion of "Uranus approaches to 
double the mean motion of Neptine, the more slowly will the line of con- 
junction of the two planets advance, and consequently the longer will the 
inequality in the mean longitude continue tp vary in the same direction. 
Hence it is manifest, that the maximum value of the inequality will 
increase as the mean motions of the two planets are more nearly com- 
mensurable. 

(68.) It appears from the foregoing consideration, that the more perfect 
commensurability of the mcan motions of the two planets tends to 
promote the ultimate magnitude of the loug inequality, by prolonging the 
time during which it continues to accumulate upon the mean longitude, 
‘We have seen that the elliptic inequality depending upon perturbation 
increases also with the more perfect commensurability of the mean 
motions of the two planets, in consequence of the slower motion of the 
line of conjunction hence resulting, which creates the necessity of a 
greater amount of eccentricity, so as to oppose an adequate resistance to 
the disturbing force, in its tendency to twist round the line of apsides 
which must always advance at the same rate as the line of conjunction. 
In the former case the inequality results from the direct action of the dis- 
turbing planet at each successive conjunction, and depends, for its ultimate 
magnitude, on the length of time during which the effects thus produced 
are allowed to accumulate upon the mean longitude. In the latter case 
the inequality arises from the powerful agency of the central force, and is 
developed in a single synodic revolution. 

(64.) It has been stated that the system of Jupiter's satellites presents 
two instances in which the mean motion of one of the disturbing bodies is 
almost exactly double the mean motion of the other. In effeet, the first 
satellite performs a sidereal revolution in 14 185 27™ 348, and the second 
satellite in 34 135 13™ 428. Hence two revolutions of the first satellite 
will be completed in 34 12h 56™ Ss, an interval of time which falls short 
of one’ period of the second satellite Ly only 17™ 84s. In consequence of 
this circumstance, the line of conjunction of the two satellites shifts with 
extreme slowness, regressing through an are of little more than 2°, at the 
close of each synodic revolution. Hence arises in the motion of each satel- 
lite a large elliptic incquality of a perturbative character, resembling that 
produced by the mutual action of Uranus and Neptune, with this interest- 
ing distinction—that as the line of conjunction now regresses, it is the 
lower apse of the interior body and the upper anse of the exteriors one which 
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that the line of apsides of the orbit of either body may always coincide with 
the line of conjunction. 

(65.) The third satellite of Jupiter accomplishes a sidereal revolution 
in 74 3h 42™ 32%, Now two periods of the second satellite are equal to 
72 2h 27™ 248, which differs from one period of the third by only 15 15™ 
8, This case, then, is clearly analogous to that of the first and second 
satellites. In fact it is easy to ifer, from the remarkable relation between 
the mean motions of the three interior satellites mentioned at page 92, 
that the mean motion of the second satellite exceeds twice the mean 
motion of the third by a quautity which is exactly equal to the excess of 
the mean motion of the first satellite over twice the mean motion of the 
second, Tho line of conjunction of the second and third satellite will 
therefore regress at the same rate as the line of conjunction of the first 
and second, and hence will arise a large inequality in the motion of each 
satellite, resembling thfone mentioned in the foregoing article. The 
motion of the second satellite is thus affected by two elliptic inequalities 
of a perturbative character, depending upon the combined action of the 
first and third satellites, and in consequence of the remarkable relation 
which subsists between the mcan Jongitudes of the three interior satellites, 
the two inequalities are thoroughly confounded together, so as to. assume 
the complexion of only one great inequality (see p- 89). 

(66.) Astronomers have been unable to discover the slightest trace of 
independent eccentricity in the orbit of the first satellite of Jupiter. With 
respect to the orbits of the second and third satellites, the independent 
eccentricity is in either ease excecdingly small. In consequence of this 
circumstance, no sensible evidence has been derived from observation, of 
the existence of a long inequality in the mean longitude of any of the 
satellites, depending on the near commensurability of their mean 
motions. 

(67.) Some of our readers may perhaps find it difficult to reconcile the 
foregoing remark with the fact of Bradley's discovery of a great inequality 
in the three interior satellites, the period of which he found to extend to 
437 days, which vastly exceeds the duration of a synodic revolution of 
either of the satcllites. Tt is to be borne in mind, however, that the ex- 
istence of this inequality was indicated solely by observations of eclipses 
of the satellites. Now, in the case of an elliptic inequality of a’ perturba- 
tive character, depending on the mutual action of any two of the satellites, 
it will manifestly pass through the cycle of its values when the two satel- 
lites return to the same position with respect to the line of conjunction. 
If, however, the inequality be considered solely with reference to its 
influence upon the times of the eclipses of the-satellites, it will not in 
either case effect a compensation during the period comprised between 
two successive oppositions of the satellite with respect to Jupiter; for 
while the line of conjunction of the satellites has regressed, in virtue of 
the relation between their mean motions, the planet whose position, rela- 
tively to the sun, determines the time of the eclipse, has revolved in the 
opposite direction, and it is manifest that, a complete restoration of the 
inequality cannot be established until the satellites have returned to the 
same position with respect to the line of conjunction, and the axis of 
Jupiter's shadow. Hence the long inequality discovered by Bradley is 
vather apparent than real, being merely the consequence of adopting a 
restrictive view of the mode in which the elliptical perturbation affects the 
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of the solutions of the inverse problem of perturbation due to these 
distinguished geometers, or detract from the merit of their researches in so 
far as the main object of them was concerned; namely, the ascertainment 
of the position of the disturbing body with a view to its physical discovery. 

(72.) No difficulty can be experienced in arriving at the conclusion, that 
elements widely different from the true values might serve to indicate 
the position of the disturbing body with sufficient accuracy, provided 
the following two facts be borne in mind:—first, that the action of 
Neptune upon Uranus is sensible only near conjunction; secondly, that 
during the interval embracing the observations of Uranus which formed 
the groundwork of the investigations of both Adams and Le Verrier, there 
happened only one conjunction of the two planets. Thus the disturbing 
influence which Neptune exercises upon Uranus is sensible only for about 
twenty years before, and about an equal interval after, conjunction. Again, 
the last conjunction happened in the year 1822, and, as the period of a 
synodic revolution of the two planets is 171.6 years, it follows that the 
previous (mean) conjunction happened in the year 1650. Now the earliest 
observation of Uranus is one by Flamsteed in the year 1690, at which 
epoch the action of Neptune was, therefore, quite insensible. 

(73.) It is manifest from the foregoing considerations, that the question 
relative to the discovery of the disturbing planet was resolvable by 
means of any elements which might be capable of representing the 
intensity and direction of the disturbing force on the occasion of the last 
conjunction in 1822, Now, when it is borne in mind that the mean distance, 
the eccentricity, the longitude of the perihelion, and the mass of the dis- 
turbing body may be varied at pleasure, it is not difficult to see that this 
object may be effected by means of a variety of sets of elements all very 
different from the real elements of the planet. Thus if the mean dis- 
tance be assumed too great, the error arising in consequence may be 
obviated by increasing the eccentricity in a corresponding degree, and 
placing the perihelion so as to coincide ncarly with the point of conjunc- 
tion. Moreover, if it should happen that the intensity of the disturbing 
force is represented with a less degree of accuracy than its direction by 
such an adjustment of the elements of the orbits, this defect might be 
remedied by assigning a suitable value to the mass of the disturbing body. 
It is Ly such an adjustment of the elements of the disturbing planet, that 
Le Verrier and Adams succeeded in indicating its actual position with 
such remarkable precision, as may be easily scen by comparing their 
elements with those subsequently deduced from actual observation. It 
is not difficult to conceive that if a mean distance less than that of the 
true value had been assumed, the direction of the disturbing force might 
have been represented by increasing the eccentricity and turning the 
aphelion to the point of conjunction. 

(74) If the obstrvations of Uranus, upon which the researches of 
Le Verrier and Adams were bascd, had embraced more than one conjunc- 
tion of that planet with Neptune, the elements of the hypothetical planet 
would manifestly have been confined within narrower limits. It is pro- 
pable that the difficulty which both of these geometers experienced in 
accounting for Flamsteed’s observation of 1690, arose from the circum- 
stance of the planets of their respective theories being capable of occa- 
sioning considerable disturbance in the motion of Uranus at an epoch 
Re a) elle sneecthis. he saowolet the 
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astronomers, by applying to the elliptic motion of Uranus the perturba- 
tions produced by Neptune as represented by the formule of analysis, have 
succceded in satisfying the observation of 1690 with almost perfect accuracy, 
the outstanding error being less than 1”. The question appears to admit of 
a definitive solution by adopting the following mode of procedure :—-Since 
the action of Neptune upon Uranus continued insensible from 1670 to 
1800, it necessarily follows that the motion of Uranus, after subducting 
from it the effects produced by the disturbing action of the other planets, 
was purely elliptic during the whole of the interval of time included 
between these two epochs. Hence it is obvious, that if the elements of 
Uranus be deduced from a sufficient number of observations made within 
the included interval, the motion of the planet, when calculated from 
such elements, ought to satisfy the totality of the observations, extending 
from 1690, the year of Flamsteed’s earliest observation, down to 1800, 
or even a few years later. 

(75.) ‘fhe elements of Neptune being considerably different from those 
of the hypothetical planets of Le Verrier and Adams, and its mean motion 
being nearly commensurable with the mean motion of Uranus, the theory 
of its action upon the latter planet presents a wide discordance, when com- 
pared with the theory of either of the geometers just mentioned. It 
is to be borne in mind, however, that this circumstance is immaterial, 
when the question relates merely to the perturbations produced in the 
motion of Uranus, on the occasion of one conjunction with Neptune. 
Prof. Peirce, however, took a different view of the subject. He con- 
tended, on the ground of the discordance above referred to, that Neptune 
was not the planet designated by geometry, and that, in fact, its discovery 
must be regarded as a happy accident. ‘The solutions of Adams and 
Le Verrier,” says he, “are perfectly correct for the assumption to which 
they are limited, and must be classed with the boldest dnd most brilliant 
attempts at analytical investigation, richly entitling their authors to all 
the éclat which has been lavished upon them on account of the singular 
success with which they are thought to have been crowned. But their 
investigations are nevertheless wholly inapplicable to the theory of the 
mutual perturbations of Uranus and Neptune. ‘The successive periods 
of conjunction and opposition, occurring at intervals of eighty-four years, 
that is, in about the time of a revolution of Uranus, this planet is always 
at the same part of its orbit when it is most affected by the action of 
Neptune. The action of Neptune consequently assumes a fixed, perma- 
nent undisturbed character, so that it can hardly be recognised as pertur- 
bation by the practical observer. It is far otherwise with the ordinary 
class of perturbations, where the place of greatest disturbance varies from 
point to point of the orbit: thus the place of greatest disturbance, in 
the case of the theoretical planet, would not have remained stationary, 
but have varied 80° upon the orbit of Uranus at each successive conjunc- 
tion and opposition; so that the disturbance could-not in this case be 
disguised to any great extent under the fixed laws of ordinary elliptic 
motion. In the case of Neptune, its action on Uranus is to be detected 
in the comparatively small differences between its character and that of 
an elliptic motion, and the difference between the influence at opposition 
and that at conjunction.”* ; 

(76.) The assertion of Prof. Peiree—that the investigations of Adams and 
Le Verrier are inapplicable to the theory of the mutual action of Uranus 
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Uranus and Neptune, the disturbing force of the letter planet was repre- 
sented very nearly, both in intensity and direction, by the disturbing force 
of either of the hypothetical planets of Adams and Le Verrier. Hence, 
as like causes produce like effects, we are warranted in concluding that 
the irregularities which either of the hypothetical planets would have 
been capable of producing on that occasion are exactly commensurate in 
magnitude with those actually produced by the planet Neptune, and there- 
fore afford an equal hold to the geometer for investigating the position of 
the disturbing body. In fact, it will appear obvious on the slightest con- 
sideration of the subject, that the mere circumstance of the near commen- 
surability of the mean motions of Uranus and Neptune cannot exercise 
any influence upon the magnitude of the perturbations produced atone 
conjunction of the two planets. The ellipticity which accompanies. such a 
relation of the mean motions, has its magnitude adjusted so as to form 
an opposing obstacle of adequate inertia, if we may use the expression, — 
to the disturbing force, by preventing the line of apsides from revolving at 
a more rapid rate than that at which the line of (mean) conjunction re- 
yolves, but, in so far as its own existence is concerned, it is maintained 
solely by the action of the central force. 

(79.) Prof. Peirce has exhibited a comparison between the numerical values 
of the perturbations of Uranus, as computed in the one case by himself 
from an analytical investigation of the action of Neptune, and in the 
other case by Mr. Adams, from a similar investigation of the action of his 
second hypothetical planet. The enormous discordance between the results 
derived from these two distinct sources, appears to Prof. Peirce to consti- 
tute a sufficient refutation of what he considers the fallacious notion “ that 
the less distance of Neptune than the planet of geometry is compensated 
by its smaller mass, so that its action upon Uranus is the same with that 
which was predicted.”* He remarks that the difference of the pertur- 
bations produced by the two planets is just balanced hy the difference 
due to the corrections of the elements of Uranus, so that the corre- 
sponding effects upon the longitude of that planet are equal in both 
theories. 

(80.) We may reply, with reference to this mode of viewing the subject, 
that the formule of analysis do not furnish a direct criterion of the disturb. 
ing action of a planet during one synodic revolution. It mustbe borne in 
mind, that all those terms which ave not absolutely elliptical (or, in other 
words, which do not rigorously satisfy the differential equation’ of the 
second order relative to elliptic motion) are contained in these formule, 
even although they may be to a great extent due to the central force. 
Such is the case with respect to the great elliptic inequality in the per- 
turbations of Uranus and Neptune depending on the near commensura- 
bility of their mean motions. Again, there are terms representing in- 
equalities of long duration which hardly undergo any sensible deviation 
from ellipticity during one synodic revolution. In effect, the analytical 
theory of the action of a planet supplies a fund of terms adequate to 
meet the requirements of the ever-shifting position of the line of con- 
junction with respect to the orbits of the disturbing and disturbed planets, 
throughout indefinite ages, both past and future. Now the action of the 
planet during a short interval of time is embedded in these terms, so that 
it is impossible to estimate its magnitude by the numerical values of the 
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effected by eliminating from the numerical results all the portion which 
sensibly coincides with elliptic motion during the period of time under 
consideration, If both planets revolved in circular orbits, the amount of 
perturbation thus extinguishable from the analytical formule would be 
the same in each synodic revolution; but when the orbits possess any 
independent eccentricity, it will generally be different. It will at once 
appear, from a bare inspection of the numerical results given by Mr. 
Adams at the close of his memoir*, that by far the greater portion of the 
perturbations of a planet as represented by the formule of analysis, 
coincides sensibly with elliptic motion during a synodic revolution of the 
two planets. Now, since the action of Neptune upon Uranus was in- 
sensible from 1670 to 1800, the planet must have revolved during the 
whole of the included interval of time in an elliptic orbit, the elements of 
which resulted from the action of the disturbing body on the occasion of 
the previous conjunction in 1650. Hence it follows, that the numerical 
values of the perturbations for the same period of time, as derived from 
the analytical formule, admit of being represented by corrections to the 
elliptic elements of the planet's motion; and it is manifest that their 
subsequent deviations from the results of such corrections will indicate 
the action of the disturbing body ou the occasion of the conjunction of 
the two planets in 1822. If the perturbations produced by the hypo- 
thetical’ planets of Le Verrier and Adams were treated in the same way, 
the direct action of the disturbing body would similarly emerge in cach 
case from the ellipticity in which it is embedded, and it is manifest that 
the results thus obtained would coincide, or very nearly so, with those 
relative to the direct action of Neptune. 

(81.) It has been stated, in the account of the discovery of the planet Nep- 
‘piamgi(hap. X1I.), that Le Verrier, besides determining the precise posi- 
tion of the disturbing body, assigned at the same time the limits of 
longitude within which it was probably confined, and also the limits of 
the elements of its orbit. In this part of his investigation he attributed 
a large probable error to the observations, distinguishing them accord- 
ing to the degree of contidence to which he considered them to be en- . 
titled on the score of accuracy. The error of Flamsteed’s observation of 
1690, was estimated by him to be 23”. The subsequent observations of 
the planct down to the cpoch of its discovery in 1781, were supposed to 
be erroneous, in some cases to 15’; in others to only 10”. The modern 
observations of the planet, extending from 1781 to 1845, were all esti- 
mated to have a probable crror of 5”. It must be acknowledged that the 
conclusions at which he arrived, relative to the limits of the elements of 
the disturbing body, have not been subsequently borne out by the results 
deduced from actual observations of the planet Neptune. Thus he found 
that the mean distance of the disturbing body could not be greater than 
37.90 nor less than 35.04. Now we have seen that the most probable 
value of the mean distance of the planet Neptune is 80.0363. . This 
large discordance between theory and observation cannot be removed by 
attributing to the observations of Uranus a larger probable error than that 
which Le Verrier assigned to them ; sinee it appears that the action of Nep- 
tune accounts for the irregulavitics of that planet to a degree of accuracy 
which obviates the necessity of supposing the observations to be erronequs, 
even to so great an extent as Le Verrier estimated them to be. The following 
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table, constructed by Prof. Peirec, exhibits an interesting view of the 
residual errors in the longitude of Uranus, corresponding to four distinct 
theories of the planet. The numbers in the second column are the 
results of Le Verrier's attempt to aceount for the irregularities of the 
planet without supposing it to be influenced by any foreign cause of dis- 
turbance. The third and fourth columns contain the errors of the theories 
of Le Verrier and Adams, founded on the assumption of the existence of 
a disturbing planet. The fifth column exhibits the residual errors of the 
planet after taking into account the action of Neptune as caleulated by 
Prof. Peirce, from the elements of Waiker. The mass of Neptune 
employed in these calculations was deduced by Prof. Peirce from Bond's 
observations of the satellite discovered by Lassell. The results due to 
Le Verrier inserted in the second and third columns, represent the excess 
of theory over observation. The same is true with respect to the numbers 
in the fourth column containing the results of Adams’s theory; but, in 
consequence of this circumstance, their signs are contrary to those of the 
same numbers in Peirce’s table. Prof. Peirce does not state whether the 
numbers in the fifth column represent the excesses of theory above obser- 
vation, or those of observation above theory; but this point is immaterial 
in so far as our present purpose is concerned. 


RESIDUAL DIFFERENCES BETWEEN TUE THEORETICAL AND OBSERVED 
LONGITUDES OF URANUS. 








































) By Le Verrier’s: By Adams's 
Date, Withont any ex- | theory of a dis- theory (Hyp. IL) 
i ternal planet. turbing planet |mass of disturbing; 
Mass = grhy. | planet = aibae 
1845 + 65 — 073 | _ 
1840 + 07 + 22) ~ 18 | nay 
1835 — 45 — 08 + 12 + 2.0 
1829 —- 78 — 22 — 20 + 08 
1824 —~ 7.6 — 54 — 17 | — 20 
1819 + 88 + OA + 22 | + Lo 
| 18138 + 45 — 09 + 10 — 03 
1808 + 3.8 + 08 0.0 — O04 
1808 — 34 + 08 ~ 16 ) + O08 
L797 —- 67 —- 410 + 0.5 + O04 
1792 —- 4.8 + O08 + Li + 0.3 
1787 + 20 —~ 12 + 0.2 — 05 
1782 + 20,5 + 23 0.0 ~— 3.0 
1769 + 123.5 + 3.7 —- 18 — 6.0 
1756 + 230.9 —~ 40 + 4.0 + 4.0 
1715 + 279.6 + 5.5 + 6.6 + 8.7 
1690 + 289.6 — 19.9 — 50.0 + 0.8 
(82.) Le Verrier has attempted to defend the conclusions at which he ar- 
rived relative to the limits of the mean distance of the hypothetical planet 
uponthe ground that he assigned too small a probable érror to the obser- 
vations. ‘‘ When the calculation of the limits of the mean distance,” says he, 
“is resumed with other probable errors of observation than 5”, it will 


readily be seen that the interval included between these limits by no 
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means varies proportionally to the uncertainty of the data. It varies much 
more rapidly. ‘Thus while for_a probable error of 5” in the data, we find 
2.86 for the iuterval between the limits of the mean distance, this interval 
80 diminishes with the probable error, that when the latter is reduced to 
half this quantity we no longer find any value of the mean distance which 
can satisfy the question. And on the contrary, when the probable error 
of the modern observations is extended beyond 5”, the inferior and 
superior limits of the mean distance will be found to vary with rapidity, 
and to leave the greatest latitude in the choice of that auxiliary.” * 
These remarks are not borne out by the results contained in the foregoing 
table. ‘The action of the planet Neptune accounts for the irregularities 
of Uranus, without even supposing so large an error as 5” in the modern 
observations, and yet its mean distance is 30.0363, which is far below 
Le Verrier’s inferior limit of the mean distance. ‘{he modern observa~ 
tions of Uranus are satisfied to within 8” by the action of Neptune, 
whereas Le Verrier found that if the probable error of these observations 
was reduced to 2”.5, there is no mean distance pf the hypothetical planet 
which could satisfy the observations. The trifling difference between 
8” and 2”.5 can hardly serve to account for the discrepancy which here 
presents itself between the results of Le Verrier’s theoretical researches, 
aud those relative to the perturbations actually produced by Neptune. 

Tt is manifest, without pursuing the subject any further, that the limits 
assigned by Le Verrier to the mean distance of the hypothetical planet, 
are at direct variance with the mean distance of Neptune, as deduced 
from actual observation. Nor is it a matter of any importance, whether 
the elements employed in calculating the action of Neptune do or do not 
represent the true orbit of that planet. It is sufficient that an orbit can 
be assigned, the mean distance of which lies far below the inferior limit 
assigned by Le Verrier, in which if a planet of a given mass be supposed 
to revolve, its action will be capable of completely accounting for the 
irregularities of Uranus. 

(88.) The question then arises, where are we to look for the origin of this 
discordance between theory and observation? In order to arrive at some : 
conclusion upon this poitit, it is necessary to direct attention to the method 
of investigation by which Le Verrier deduced his tinal results respecting 
the hypothetical planet. The groundwork of these results consisted of 
thirty-three equations of condition. Le Verrier concluded from his pre- 


2 a Peg 5 
vious researches that ©, the ratio of the mean distance of Uranus to 
a 


that of the hypothetical planet, must be very nearly equal to .51, and that 
f, its mean longitude at the beginning of the year 1800, must be con- 
tained somewhere between 234° and 270°. He, therefore, in his final in- 


. a oe ae o ‘ 
vestigation assumed 7a 5L+O2y, and e = 252° + 18°C, y being a 


quantity which he imagined would not differ much from unity, while ¢ was 
supposed by him to lie somewhere between +1 and —1. Besides 
these quantities cach of the equations contained other seven unknown 
quantities, namely, the corrections of the four elements of Uranus, and 
the eccentricity, longitude of perihelion, and mass of the disturbing 
planet. The corrections y and € enter into the equations in a very com- 


* Comptes Rendus, tome xxvii., p. 330. 
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plicated manner; but if we suppose these quantities to be known, the 
equations assume a linear form, and the values of the remaining quantities 
may be obtained without any serious difficulty. Le Verrier proposed to 
give the equations a linear form by employing particular values of y and 
6, assuming such values as he expected would not be very distant from 
the real values. For this purpose he selected six particular sets of 
values, namely, (y = — 1,6 = 0), (y = 0,¢ 1), (y =0, © = 0), 
fy = 906 = 1), Y~=Le = — 1),  =1,6=0); and, sub- 
stituting these successively in the thirty-three equations of con- 
dition, he obtained six distinct groups of equations involving the 
remaining seven unknown quautitics. These equations being all 
linear, he at once derived from them the particular values of six of the 
unknown quantities, and finally, by substitution, he obtained six sets 
of equations corresponding to the particular values of y and 6, which in- 
volved only one unknown quantity, namely, the mass of the disturbing 
planct. These equations would be the particular forms assumed by the 
original equations of condition, if the six unknown quantities referred to 
had been in the first instance eliminated from them, and then each par- 
ticular set of values had been substituted for yand €. Le Verrier proposed, 
therefore, to construct the gencral equations involving y, 6, andm’ by means 
of the six sets of particular equations involving m’ alone. He assumed, 
moreover, that the general form of the equation might be represented by 
an algebraic function of the second degree with respect to y and ¢. 
From these equations he deduced the most accurate values of y, 6, and m’. 
In this manner he found y = 1.029,6 = — 0.65, and m’ = 1.072, the mass 
of the sun being supposed equal to 10,000. The limiting values of these 
quantities were determined by a discussion of the equations, founded on the 
supposition of the various observations heing erroneous to the extent already 
mentioned. ‘The most accurate value of y assigned 36.1539 as the mean 
distance of the hypothetical planet, and the discussion of limits gave 
87.90 and 35.04 for the extreme valucs of that element. 

(84.) Prof. Peirce has suggested, that the circumstance of the mean 
distance of Neptune not being comprehended within the limits assigned 
by Le Verrier to the mean distance of the hypothetical planet, may have 
arisen from an oversight on the part of the latter, in not having taken 
into account the peculiar vharacter of the perturbations which would be 
produced if there existed a relation of perfect commensurability between 
the mean motions of the disturbing and disturbed planets. “An im- 
portant change, indecd, in the chavacter of the perturbations,”’ says he, 
“takes place near the distance 35.3 ; so that the continuous law by which 
such inferences are justified is abruptly broken at this point, and it was 
hence an oversight in M. Le Verrier to extend his inner limit to the 
distance 35. A planet at the distance 35.8 would revolve about the sun 
in 210 years, which is exaetly two and a half times the period of the 
revolution of Uranus. Now, if the times of revolution of two planets 
were exactly ag2 to 5, the effects of their mutual influence would be 
peculiar and complicated, and even a near approach to this ratio gives 
rise to those remarkable irregularities of motion which are exhibited in 
Jupiter and Saturn, and which greatly perplexed geometers until they 
were traced to their origin by Laplace. This distance of 85.3, then, is 
acomplete barrier to any logical deduction, and the investigations with 
regard to the outer space cannot be extended to the interior.” * 

* Proc. Amer. Acad., vol. i, p. 66. 
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(85.) Plausible as these remarks may at first sight appear to be, we 
venture to assert, with all due respect to Prof. Peirce, that they will be 
found, upon an attentive examination of the subject, to have no essential 
connection with the point at issue. It must be borne in mind that the 
question under consideration, as it suggested itself to Le Verrier, was 
this—-within what limits may the mean distance of the hypothetical 
planet vary, so that a determinate number of observations of Uranus 
included between the years 1690 and 1845 may be satisfied by the dis- 
turbing action of the planet within certain assiguable limits of error? 
Now, the consequences resulting from a near approach to commen- 
surability in the mean motions of the two planets can only be developed 
im the course of many synodic revolutions. As to an exact commen- 
surability of the mean motions, it will be found, on a very slight con- 
sideration of the subject, to be incompatible with the mutual action of 
the two planets; but at all events, it is manifest that such a condition 
cannot exercise any peculiar influence on the perturbations of either 
planet during a short interval of time. Hence it follows, that whether 
the mean motions of the disturbing and disturbed planets be to each 
other exactly as 2 to 5, or whether they be very nearly in this ratio, 
the effects produced by their mutual action must be sensibly the same 
during the limited period of time over which the observations extend. 
We may remark further, that innumerable instances of commensurability 
may be suggested between the limits assigned by Le Verrier, besides 
the relation alluded to in the foregoing passage by Prof. Peirce, * 
and that the inequality arising from a near approach to such a relation 
in any case, may be rendered theoretically as great as we please by bring- 
ing the mean motions sufficiently near to the condition of perfect com- 
monsurability. It is manifest, however, that the contingent occurrence 

any such relation between the mean motions of the two planets, is 
entirely foreign to the question under examination, which merely relates 
to the direct action of Neptune during the interval comprised between 
they ears 1690 and 1845, a period of time embracing less than one synodice 
revolution of the two planets. 

(86.) But it may be asserted, in support of the argument of Prof. 
Peirce, that, although the influence of an exact commensurability of the 
mean motions of the two planets, or of a near approach to that relation, 
is unimportant, in so far as the mutual action of the two bodies during a 
short interval of time is concerned, still Le Verrier, by deducing the 
limits of the mean distance of the hypothetical planet from analytical for- 
mule involving the mean motions of the two planets as arbitrary constants, 
without taking into consideration the discontinnity oceasioned by the passage 
of avy of the terms of the formule through infinity in consequence of a 
relation of commensurability between the mean motions, committed an error 
of reasoning, which could not fail to vitiate his results. To this it may be 
replied, that the formule which Le Verrier used as the groundwork of his re- 
searches do not contain the terms involving the relation between the mean 
motions alluded to by Prof. Peirce. But, in point of fact, the method em- 
ployed by Le Verrier in his final researches on the hypothetical planet is 
totally independent of any relation of commensurability whatever. The 
action of the disturbing body is computed for a certain number of vaiues 
of the mean distance, and a general equation * of the second degree, in- 
volving the true correction of that element, is then constructed from 

* Jn this and in every subsequent instance in which the word equation is used, the 
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the particular results by interpolation. It is manifest that, by such a 
method, he gets rid of the embarrassment which might be occasioned by 
the passage through infinity arising from a relation of perfect commen- 
surability in the mean motions of the two planets; so that any objection to 
his reasoning founded upon that ground, cannot be admitted to possess 
any weight. Indeéd any attempt to determine the limiting values of the 
elements of the disturbing planet by the general formule of perturbation, 
would seem to be utterly impracticable in the present state of analysis. 

(87.) The question, however, still remains for solution—how are we 
to account for the circumstance of the mean distance of Neptune not 
being included within the limits assigned by Le Verrier to the mean 
distance of the hypothetical planet? It appears to me that the discord- 
ance is attributable partly to Le Verrier having arbitrarily assumed the 
form of the general expression involving y and ¢, and partly to his having 
fixed the particular values of these corrections too near each other. If, 
indeed, we could be assured beforehand of the whereabouts of the most accu- 
rate values of y and 6, it plainly follows that the general equations involving 
these quantities would be most faithfully represented by an algebraic function 
of the second degree, provided that, in the construction of the latter, such 
particular values had been employed as were at no great distance from the 
approximate values. That Le Verrier was under the impression of the 
most accurate values of y and © being included within the limits of the 
interpolated values, is evident from the following words used by him:— 
“Dans la solution a laguelle nous arriverons en définitive, y sera & trés 
pew pres égal a 1, et © sera compris entre 0 et — 1; en sorte que les 
valeurs particulicres des fonctions calculées pour les divers états des variables 
que nous venons dindiquer, assurent, dans les environs de la solution qui 
convient au probleme, Lexactitude de la marche des expressions algebriques 
approchées auxquelles nous parviendrons.” * 

(88.) Now if we assume as the elements of the planet Neptune those de- 
duced from observation by Walker, we shall obtain y = 6.482, @ = —1,493. 
It will be seen, however, that these values are very far removed from 
those particular values by means of which Le Vervier constructed the 
general cquations involving y,¢, and m’. Since it appears, then, that 
the interval between the limits of the mean distance vastly exceeds the 
corresponding interval deducible from the researches of Le Verrier, it 
may fairly be questioned whether an algebraic function of the second 
degree, constructed from particular values of y and ¢, widely distant from 
the real values, is capable of representing with sufficient fidelity the form 
of the general equations involving y, 6, and m’, such as they would result 
after the elimination of the other unknown quantities. If we could be 
assured that any values of y and ¢ included within the limits of the par- 
ticular values employed by Le Verrier in his researches were capable of 
satisfying the observations of Uranus with tolerable precision, it might 
then be expected that the equations of the second degree, constructed by 
that geometer, would assign values of y and € differing only in a slight 
degree from the approximate values. This would follow as an obvious 
consequence of the vicinity of the particular values of y and ¢ to the 
approximate values, combined with the absence of any rapid variation of 
the algebraic function representing the equations. Now Le Verrier found, 


terms are supposed to be all ranged on one side so as to constitute an algebraic function 
egual to zero, and it is to such a function that the expression is considered te annie. 
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by his previous researches, that the observations would be very nearly 
satisfied by supposing y = 0,6 = 0. It might, therefore, be inferred 
that the equations would assign to y and & values of inconsiderable magui- 
tude, which would probably satisfy the observations to a still greater 
degree of accuracy. But if the algebraic function of the second degree, 
involving y, 6,and m’, did not represent with sufficient fidelity the equations 
resulting from the elimination of the other unknown quantities of the 
problem, it would manifestly follow that any values of y and €, considerably 
removed from the particular values by means of which Le Verrier con- 
structed the algebraic equations, would fail, in a corresponding degree, to 
satisfy these equations, even although such values should satisfy the ob- 
servations of the planet as well as any others. 

(89.} According to this view of the subject, the extreme values of the mean 
distance resulting from Le Verrier's researches ought to be considered as 
indicating, not the limits within which the observations of Uranus might 
be satisfied, by attributing to each of them a probable error of a certain 
magnitude, but those within which an algebraic function of the second 
degree, involving y, 6, and a’, constructed from certain particular values 
of the two former quantities, is capable of representing the equations re- 
sulting from the elimination of the other unknown quantities of the 
problem, Adwitting this to be true, it would follow that if Le Verrier 
had assumed 80.0363 as his approximate mean distance, and constructed 
his equations by means of a series of particular values of y and ¢, cor- 
responding to mean distances in the immediate vicinity of the approximate 
value, he would have obtained for the latter merely a slight correction, 
while at the same time he would have deduced limiting values which 
would have totally excluded the results of his actual researches. 

(90.) The conclusion definitively suggested by the foregoing remarks is, 
that Le Verrier’s theory of limits is rather specious than real, in so far as 


it relates to the possibility of representing the observations of Uranus 


Within a certain range of mean distance upon the supposition of 
each of them containing «a probable error of a certain magnitude. 
It is not pretended, however, that these remarks involve the true 
explanation of the remarkable discordance which prevails between the 
results of Le Verrier’s researches and those deducible from observa~ 
tions of the planet Neptune. They are merely put forth with the view of 
indicating a probable mode of accounting for the discordance, in the 
absence of a thorough investigation of the subject. Until this be accom- 
plished there is full warrant for suspecting the legitimacy of the method 
by which Le Verrier arrived at his results. This is a point, however, of 
very trivial importance, which does not in the remotest degree affect the 
merits of that illustrious geometer, in so far as his theoretical discovery 
of the planet Neptune is concerned. 

(81.) We shall conclude with a few remarks on a recent publica- 
tion entitled ** Lteport to the Smithsonian Institution on the History of the 
Discovery of Neptune.” * 

The author of this Report, Mr. Gould, of Cambridge, U.S., while 
giving fall credit to both Le Verrier and Adams for the accuracy of their 
respective solutions of the inverse problem of perturbation, stoutly main- 
tains the opinion expressed by his countryman, Prof. Peirce, to the effect 
that the remarkable connexion which was found to subsist between the 





* Published at Washington, 1850. 
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theoretical researches of these geometers and the actual position of the 
planet Neptune, must be regarded as wholly fortuitous. Let us examine 
some of the arguments which he adduces in support of this peculiar view 
of the subject. 

(92.) It has been stated (p. 185) that Mr. Adams, in his final communi- 
cation to the Astronomer Royal, remarked that the observations of Uranus 
would in all probability be satisfied best by adopting for the hypothetical 
planet a mean distance equal to 33.6. He was led to entertain this opinion 
bya comparison of the errors of his theory for the three oppositions of Uranus 
in 1843-44-45, resulting from the two hypotheses of the mean distance 
which he had already employed in his researches. It is manifest, when 
this inference is viewed in connexion with his previous results, that 
Adams had renounced all faith in even an approximation to Bode’s law 
of the distances of thé planets, and that the current of his researches was 
rapidly conducting him to a mean distance of the hypothetical planet 
agreeing with the actual mean distance of the planet Neptune. Mr. 
Gould seeks to depreciate the merit of this sagacious conclusion by con- 
tending that a mean distance equal to 33.6 would give erroneous results. 
“Le Verrier,” says he, * has shewn that the assumption of even 35 as 
the mean distance would lead to ixtolerable discordances. Peirce has 
farther proved that an important change in the character of the perturba- 
tions takes place near the distance 35.3. It is therefore evident that no 
claims can be based upon the rough inference alluded to.” 

It has been mentioned that Peirce objected to the reasoning by 
which Le Verrier established the inferior limit of the mean distance of the 
hypothetical planet (35.04), ou the ground of the continuity of the investi- 
gation being broken at the distance 35.3 by the commensurability of the 
mean motions of the two planets. It is plain, therefore, that the pro- 
positions announced by these two geometers arc mutually incompatible ; 
and yet Mr. Gould adduces them as confirmatory of cach other! We 
have already had occasion to remark that there do not exist grounds for 
supposing that either of them is entitled to any confidence. 

(48.) Mr. Gould admits that Le Verrier may be considered the discoverer 
of the planet Neptune, in so far as he proved not only thatit was impossible 
to represent the motions of Uranus without the assumption of some un- 
known disturbing body, but that the perturbations were of that analytical 
form which belongs to an exterior planet. 

Now it appears to me, that the latter assertion is at direct variance with 
the actual state of the question. Le Verrier demonstrated, by his re- 
searches, that the perturbations were such as would be produced by the 
direct action of an exterior planet during the interval of time over which 
the observations extended ; but, with respect to the analytical form of these 
perturbations, it depended on the elements of the disturbing planet, which 
were beyond the scope of investigation, and in fact turned out to be 
entirely different from those deduced by Le Verrier. 

(94.) My. Gould further remarks that Le Verrier omitted the considera- 
tion of the terms depending on a near approach to commensurability ; but 
that this, although certainly a defect, cannot be considered as an error in 
the theory, since within the Himits where he had reason to suppose that 
thy orbit was situated, these terms are almost uniformly negligible. 

With reference to this point it may be remarked, that the irregularities 
in the motion of Uranus depended on the direct action of Neptune during 
t pomianetion. and nat on the analytical theory of that 
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planet, which involves all the consequences liable to be developed in the 
lapse of indefinite ages. Hence it is manifest that the absence of any re- 
semblance between the theory of the hypothetical planet of Le Verricr 
and that of the planet Neptune, cannot be considered as affecting in the 
slightest degree the merit of Le Verrier’s researches, in so far as they had 
for their object the discovery of the disturbing body. Even in the case of 
Neptune, the terms to which Mr. Gould alludes do not exercise any 
seusible influence on the action of the planet between the years 1690 
and 1845. 

(95.) With reference to the same geometer Mr. Gould makes the following 
statement :—‘ His laborious and elegant researches have been crowned 
with brilliant success, and M. Le Verrier himself rewarded by the con- 
sciousness of having been the immediate occasion of the discovery of 
Neptune. And although the agreement of Neptune's direction at the 
time of the discovery with the direction of the theoreticul planet was but 
accidental, it almost seems as though the heavens strove to show themselves 
propitious, so happy was the accident, so wonderful the coincidence.” * 

(96.) Leaving the above passage to the reader’s own reflections, we proceed 
to notice one or two other statements of Mr. Gould's. Referring to the 
assertion of Sir John Herschel, in his “ Outlines of Astronomy,” that the 
longitude and radius vector of the hypothetical planet, whether of Adams 
or Le Verrier, very nearly coincided with the longitude and radius vector 
of Neptune during the period of its action being sensible, Mr. Gould 
remarks :—“ But surely it cannot be considered as an analogy between 
the two orbits, that the perihelion of the one was so near the aphelion of 
the other.” : 

The analogy between the two orbits, demanded by the question relative 
to the disturbing body, was confined solely to a pretty close coincidence 
of the paths of the hypothetical and real planets during the period of the 
disturbing force being sensible. Even in this case it was a near agreement 
of the longitudes, rather than of the distances, which was required by the 
conditions of the problem. With respect to the absolute identity of the 
two orbits, the establishment of such a condition was an object of no im- 
portance in so far as the discovery of the disturbing body was concerned. 
Sir John Ierschel, in the work to which Mr. Gould refers—so far from 
attempting to demonstrate any resemblance between the elements of Nep- 
“tune on the one hand, and those of the hypothetical planet of either 
Le Verrier or Adams on the other—on the contrary, utterly repudiates 
the existence of any necessary connexion between such an analogy and 
the question relative to the discovery of the disturbing body. But, apart 
from all consideration of this circumstance, it seems surprising that Mr. 
Gould should urge such an objection to the identity.of the two orbits as 
that above cited, when it is borne in mind that in the one case the orbit 
is very eccentric, and in the other case is almost circular. 

(97.) Mr. Gould concludes his Report with a remark the object of which 
is to reconcile the conflicting results of observation and theory. ‘ The 
combined labours of Le Verrier and Peirce,” says he, “ have incontro- 
vertibly proved that, by reducing the limits of error assumed for the 
modern observations to 3”, there can be but two possible solutions of the 
problem. There are two different mean distances of least possible errgr, 
one of which is 36, and the other 30. The one is included within the 
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theory and limits of Le Verrier, and corresponds with Adams's solution ; 
the other is the orbit of Neptune.” * 

With respect to the existence of two mean distances of least possible 
error, with an interval included between them, any mean distance corre- 
sponding to which is incapable of satisfying the observations with sufficient 
accuracy, it seems to be in the highest degree improbable. This will be 
readily seen by reference to the theoretical researches of Le Verrier and 
Adams. The elements of the first and second planet of Adams, and 
those which Le Verrier deduced from his final investigation, exhibit a 
successive diminution of the mean distance. Now, in each of these three 
cases, the mean distance was greater than the true value; but this defect 
was remedied by increasing the eccentricity in a corresponding degree, and 
placing the perihelion near the point of conjunction of Neptune and Uranus. 
By this means the distances of the disturbing body were rendered in each 
case very nearly equal to the true distances in the part of the orbit where 
considerable precision was indispensable; and the effect of the error in 
the mean distance was thrown upon the opposite portion of the orbit 
extending on each side of the aphelion, where it was incapable of exer- 
cising any influence. The following table will exhibit this view of the 
subject in a clearer light :— 
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| Adams, yp. J. «| 38.400 | 82.916 | 44.584 | 815° 57” 
|, Hyp. It. .| 87478 | s2.958 | 41.998 | 299 1 
Le Verrier . . . 36.154 . 32.264 40.044 284 45 





It appears from these results, that. the perihelion distance is almost the 
same for each of the three planets, and that the longitude of the perihelion 
does not in any case differ materially from the longitude of Uranus and 
Neptune (273°) on the occasion of their last conjunction, about the begin- 
ning of the year 1822. On the other hand, the aphelion distance varies 
nearly at a rate corresponding with the variation of the mean distance. 
Now if we suppose the mean distance of the hypothetical planet to be 
diminished below the value assigned by Le Verrier, so as to approach 
nearer the mean distance of Neptune, have we not strong reason to believe 
that, by similarly throwing the effect of the change mainly upon the 
aphelion distance, where it would be altogether uninfluential, the observa- 
tions of Uranus would be satisfied with the same degree of precision as 
in the foregoing cases? Indeed it seems very probable that this object 
might ‘be accomplished by employing any mean distance within a range 
extending considerably both above and below the mean distance of Nep- 
tune, the perihelion being turned towards. the point of conjunction when 
the mean distance was greater, and the aphelion being turned towards the 
sqme point when the mean distance was less, than the true value. 

(98.) We may recapitulate the conclusions suggested by the discovery of 
the planet Neptune in the following terms :—Two contemporary geometers, 
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Mr. Adams in England, and M. Le Verrier in France, undertook about 
the same time to investigate the irregularities of Uranus upon the suppo- 
sition of their being produced by the action of an exterior planet, and, m- 
dependently of each other, arrived ata very approximate determination of 
the position of the disturbing body. Upon this ground, therefore, they are 
severally entitled to the honour associated with the theoretical discovery 
of the planet Neptune. With respect to Le Verrier’s researches on 
the limits of the orbit of the disturbing body, they have not been 
borne out by the results of actual observations ; but this circumstance, 
attributable in all probability to the intricacy of the subject and 
the imperfect state of analysis, does not in the slightest degree impugn his 
claims to the great discovery just mentioned. The American astronomers 
and mathematicians have more especially distinguished themselves by their 
labours in connexion with the planet Neptune, since the epoch of its phy- 
_ sical discovery. The results that have been deduced from Bond's observa- 
tions of the satellite of Neptune and the mathematical researches of 
Walker and Peirce, unquestionably exhibit a degree of consistency with 
the actual observations of Uranus and Neptune which has not been paral- 
leled by any similar efforts on this side of the Atlantic, while at the same 
time they tend to throw much interesting light on the theory of both 
planets. The peculiar views which Prof. Peirce was led to entertain, 
yespecting the researches of the distinguished geometers to whom the 
theoretical discovery of Neptune is due, may perhaps be attributed to his 
having devoted his attention too exclusively to the analytical formule re- 
presenting the action of the planets, without taking into sufficient con- 
sideration the mode in which the disturbing forces directly operate. These 
views were announced by Prof. Peirce in a spirit of candour and mode- 
ration highly honourable to his character as a philosopher. They are be- 
ond ail doubt erroneous, but the trifling inadvertence into which he was 
thus betrayed does not detract from the merit of his more substantial 
labours in connexion with the theory of Uranus and Neptune. 


IV. 


REMARKS ON THE LUNAR INEQUALITY TERMED THE EVECTION. 


One of the most remarkable instances of perturbation which occurs 
in the solar system is the inequality in the moon’s longitude termed the 
evection, So long as the moon was observed merely in eclipses, this in- 
equality continued to escape the notice of astronomers. When Hippar- 
chus, however, after having constructed the astrolabe, succeeded in deter- 
mining the position of the moon in quadratures, he found that the results 
could not be generally reconciled with the existing theory of her 
motion. That great astronomer, having no similar observations of the 
moon anterior to his own accessible to him, was unable to arrive at a defi- 
nitive conclusion respecting the anomaly; but he formally pointed out its 
existence, and executed a series of valuable observations with the view of 

‘aiding future astronomers in their researches on the subject. It is well 
known that the discovery of the law of this famous inequality is due to 
Ptolemy. The account which he has given of the inequality as it pre- 
sented itself to his observations *, would scem to imply a Jaw of variation 
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materially different from that suggested by the term representing the same 
inequality in the modern theory of the moon’s motion. He states that 
the observed places of the moon in quadratures, whether those recorded 
by Hipparchus or those actually determined by himself, were found in 
some instances to agree very well with the computed places; in other in- 
stances to differ considerably, being sometimes in excess and at other times 
in defect. By attentively pursuing the inequality through its various 
phases, he found that it was generally insensible in sizygees. It also 
vanished in the quadratures when the moon was in the apogee or perigee 
of her epicycle (in other words, when the line of apsides was in quadra~ 
tures); but it increased from those points towards the mean points of the 
orbit where it was greatest (in other words, it increased as the line of 
apsides revolved from the quadratures to the sizygees). Moreover, when 
the first anomaly (the equation of the centre) was subtractive, the observed 
place of the moon was in defect, in consequence of the new inequality ; 
and when the first anomaly was additive, the observed place was in advance 
of the computed place, from the same cause. 

It appeared, then, that while the inequality vanished in sizygees, its 
effect in quadratures was invariably to augment the equation of the.centre, 
unless the line of apsides was in quadratures, when it vanished altogether 
Ptolemy, from observations of the moon in sizygees, had determined the 
maximum value of the equation of the centre to be 5° 1’*. In consequence 
of the new inequality, its value, as indicated by observations in quadratures; 
generally exceeded 5° 1’, increasing from that value to 7° 40’ as the line 
of apsides revolved from quadratures to sizygees. Hence it followed that 
the maximum effect of the new inequality amounted to 2° 39’. 

Tn modern astronomy the inequality in the moon's longitude, depending 
on the combined effects of the equation of the centre and the evection, 
is represented thus :-—- 

By == + 6718’ sin A + 1° 20’ sin (2(€— @)—A), 
where A represents the mcan anomaly of the moon, € the mean longitude 
of the moon, and @ the mean longitude of the sun. 

Nothing can at first sight appear more different than the ancient and 
modern modes of representing the two inequalities. With respect to the 
equation of the centre, its magnitude is materially different in the two 
cases. ‘The evection, however, differs not merely in absolute magnitude, 
but also in the law of its variation. According to Ptolemy the zero points 
of the incquality were fixed in position, being constantly situate in the 
sizygees, while its maxiraum value was cariable. On the other hand, it is 
manifest, from the second term of the above equation, that the zero points 
of the modern inequality are variable in position relatively to the line 
of sizygees, but that its absolute magnitude is constant. 








* Ptolemy determined the ratio of the epicycle of the lunar orbit to the deferent, or, 
iu other words, the maximum value of the equation of the centre, from three eclipses 
of the moon tbserved at Babylon, about 700 years before the Christian era, and also 
from three sitnilar eclipses observed by himself. In both cases he found the ratio to be-as 
524 to 60, which gives 5° I’ for the equation of the centre (Syntazts, lib. iv.), Delambre, 
having computed the equation of the centre by the modern analytical formule:, found that 
thg three Chaldean cclipses assigned 4° 59’ 16” as its value, and that the three eclipses of 
Ptolemy made it equal to 4° 59’ 42”. The close agreement of these results affords a 
strong presuniption, that the two sets of eclipses employed by Ptolemy in his calculations 
laaire ceplsered on’ yint of their mutual consistency. from 4 vest mass of similar ob-— 
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Notwithstanding the striking points of dif- 
ference referred to in the foregoing remark, the 
effects produced by the combination of the two 
constituent inequalities are identical in both 
cases as respects the law of variation, and are 
also nearly so in respect of absolute magni- 
tude. This may be easily shewn in the follow- 
ing manner. Let ac represent the line of 
sizygees, BD the line of quadratures, BF the 
line of apsides, m the place of the moon 
in her orbit. 
Let atTE=$,ATM = C— ©=4 
Hence a = ETM = 6 — ¢. 
2(¢— @)—A=24—-6— 9) =O + ¢. 

Therefore 3) = 6°18’ sina + 1° 20’ sin (2 @-©@)- 4). 

6° 18’ sin (@ — ¢) + 1° 20’ sin @ + 9), 

= 4°58’ sin (4 — $) + 1°20’sin@ —g¢) +P 20’ sin (6+ ¢), 
== 4°59 sin A + 2°40’ cos # sin 8. 

The first of these terms is manifestly the equation of the centre as de- 
duced by Ptolemy from observations of the moon in sizygees. The second 
term also represents the evection as it exhibited itself to that astronomer. 
Thus Jet us suppose the moon to be in either of the sizygees. In such a 
case 9==0, or 180°, and consequently the second term vauishes. 

Hence Jy = 4°58’ sin a. 

Again, if the moon be in quadratures, we have @ = 90°, and therefore 

dy = 4°58’ sin a + 2°40’ cos 
= 4°58" cos p + 2° 40’ cos >, - 
= T° 88’ cos . 

In this case, then, the two inequalities conspire together. The. effect 

is obviously a maximum, when ¢ = 0, or 180°. We have then 
& = tT 38’ 

These conclusions agree with Ptolemy's description, subject to a 
slight difference in the numerical values. Indeed the precision with 
which that astronomer determined the combined effects of the two ine- 
qualities in sizygees and quadratures, is one of the most astonishing 
circumstances counected with the ancient astronomy. 

Since the evection as represented by Ptolemy has always the same sign 
in the quadratures as the equation of the centre, it is manifestly positive 
when the moon is revolving from conjunction to opposition, and negative 
throughout the remaining half of the orbit, or vice versa ; according as the 
perigee is situate in the first and fourth, or in the second and third 
quadrants of the lunar orbit, counting from the point of conjunction in 
the direction of the moon’s motion. 

Yn order to determine the zero points of the evection as represented by 
modern astronomers, we have 

sin (6+ $)=9; 
“9 = — , or 180° — >. 
Fence it is manifest that by drawing ¢ u, making with ac the same angle 
which & F makes with it, the extremities ¢, H, will indicate the zero points 
of the inequality. 
Tt has been stated (p. 424) that Horrocks first ex, lained the evection 
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of the lunar orbit to be variable, and attributing a libratory motion to the 
line of apsides. Allusion has also been made to the difficulty experi- 
enced for some time in computing, by the theory of gravitation, the motion 
of the lunar apogee, upon which the inequality to a great extent depends, 
It is worthy of remark that in the original edition of the « Principia,” pub- 
lished in 1687, Newton states* that he computed the motion of the 
lunar apogee in sizygees and quadratures, and also the mean motion. He 
asserts that he found the daily progression in sizygees to be 28’, the daily 
regression in quadratures to be 164’, and the mean annual motion to be 
40°. He remarks that these results do not accord exactly with the tables, 
a circumstance which he thinks may be attributable to the errors of the 
observations. The calculations being very intricate and embarrassed with 
approximations, and the results not possessing all the accuracy that was 
desirable, he refrained from publishing the details of his researches on tho 
subject. (Computationes autem, ut nimis perplexas et approximationibus 
impeditas, neque satis accuratas, apponere non lubet.) , 

The results which Newton obtained on this occasion cannot by any 
means be considered very inaccurate, when the intricacy of the subject and 
the imperfect state of analysis in his time are taken into account. They 
give 11° 21’ for the monthly progression of the apogee in sizygees, and 
8° 1’ for the monthly regression in quadratures. The modern tables of 
the moon assign, in round numbers, 11° and 9° as the corresponding values of 
the motion of the apogee. Newton found the mean annual progression of 
the apogee to be 40°; the modern tables of the moon make it 40° 40’ 32”. 

Nowton appears to have been so dissatisfied with his researches on this 
subject, in all probability from the circumstance of the results not pre- 
senting a more complete accordance with those deducible from ‘observa- 
tion, that he suppressed all allusion to them in the second edition of the 
“ Principia,” published in 1713, under the superintendence of Cotes. What- 
ever may have been the method of investigation employed by him on this 
occasion, it was manifestly one which was capable of grappling with the 
main difficulties of the question. It is not improbable that a careful in. 
spection of those manuscripts of Newton, which are still in existence, might 
serve to throw some light on this interesting point. 


V. 


NOTE RESPECTING HORROCKS. 


At page 421 I have hazarded the conjectute that it was duties of a 
religious nature which called away Horrocks so peremptorily, while en- 
‘gaged in looking out for the transit of Venus on the 24th of November, 
1639. This is confirmed by a note which the late Prof. Rigaud dis- 
covered in one of Hearne’s Memorandum Books preserved in the 

* Bodleian Library, Oxford, from which it appears that Horrocks was a 
hard-working curate at Hoole, subsisting upon a wretched pittance 
(Rigaud’s Correspondence of Eminent Men of the Seventeenth Century, 
vol. ii. p. 112). Tt appears also, from one of Flamsteed’s letters to 
Collins, contained in the same work, that Crabtree’s death occurred in 
the year 1652, and not shortly after that of Horrocks, as Wallis erroneously 
stated in the dedicatory epistle to Lord Brouncker, inserted at the com- 
mencement of the ‘t Opera Posthuma ” of the latter. 

* Principia, lib. iii. prop. xxxv., scholium. 
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VI. 


ACCOUNT OF SOME RECENT RESULTS OF ASTRONOMICAL OBSERVATION. 


Two instances of a total eclipse of the sun have recently furnished 
opportunities of observing the circumstances usually attending these phe- 
nomena. The first of these eclipses happened on the Sth of August, 
1850. It was visible only in the Pacific Ocean. An account of the 
phenomenon as observed by M. Kutezycki at Honolulu, the chief town of 
the Sandwich Isles, appeared in the Comptes Rendus for the 21st of April, 
1851. ‘The second eclipse happened on the 28th of July, 1851. Being 
visible in the northern countries of Europe, it was observed by a great 
number of astronomers. Two important facts were satisfactorily estab 
lished by the observations of these eclipses. In the first place, the reddish 
protuberances usually visible on such occasions, appeared in some instances 
to be isolated from the moon’s limb. Secondly, those protuberances that 
were visible towards the point of immersion, were seen gradually to diminish 
as if concealed by the passage of the moon over the solar disk; while, on 
the other hand, those towards the point of emersion appeared to en- 
large as if gradually disclosed to view by the same cause. Both these 
facts tend to support the opinion that the protuberances are solar phe- 
nomena. A serious difficulty attending the explanation of their physical 
cause, consists in the material difference of aspect which they exhibit to 
Spectators distant from each other by only a very short interval. 

Five more planets revolving between the orbits of Mars and Jupiter, 
have been discovered in addition to those referred to in the body of this 

_Work (see p. 240). Three of these bodies were discovered in the year 
1850. The first (Parthenope) was discovered by De Gasparis on the 11th 
of May; the second (Victoria), by Hind on the 13th of September; and 
the third (Egeria), by De Gasparis on the 2nd of Noveniber. ‘The re- 
maining two planets were discovered in the course of the year 1851. ‘The 
first of these (rene) was discovered by Hind on the 19th of May, 1851. 
By a singular coincidence, De Gasparis also independently discovered this 
planet on the 28rd of the same month. The second planet (Juunomia) 
was discovered by De Gasparis on the 29th of July. Parthenope revolves 
round the sun in L401 days, Victoria in 1303 days, Egevia in 1496 days, 
Irene in 1510 days, and Eunomia in 1424 days. These numbers. of 
course. can only be regarded as provisional, The total number of asteroids 
now discovered amounts to fiftcen. It is not improbable that handreds of 
these minute bodies may be revolving in the same region. 

On the 4th of December, 1850, intelligence reached this country that 
ou the 15th of the previous month, Mr. Bond, Director of the Observatory 
of Cambridge, U. S., had discovered a new ying round Saturn, interior to 
the bright rings already known to exist. It soon turned out that the same 
phenomenon had been observed in England by Mr. Dawes on the 29th of 
November, before he received any intimation of Mr. Bond's discovery. 
The most surprising circumstance, however, connected with the phe- 
nomenon is, that it was actually observed as early as the ycar 1838, by 
Dr. Galle of Berlin; although no further notice seems to have been taken 
of it till the announcement of its rediscovery as above mentioned. The 
ring now forms an interesting object of observation to astronomers armed 
with powerful telescopes. In brightness it is very much inferior to the 
outer rings. Its breadth is equal to about two-fifths of the interval in- 
cluded between the bright rings and the body of the planet. It would 
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appear from most of the observations that it is not a distinct appendage of 
the planet, but simply a continuation of the inner bright zing. 

On the 24th of October, 851, Mr. Lassell discovered two new satellites 
revolving round Uranus. He has subsequently succeeded in seeing them 
with his powerful reflector, on every occasion on which he looked for them. 
He finds that the observations may be pretty well satisfied by supposing 
the period of the inner satellite to be 2.506 days, and that of the outer 
satellite to be 4.159 days. 1t appears, therefore, that they are interior to 
the two bright satellites discovered by Sir William Herschel in 1787. 
From the diagram of their positions inserted in the Monthly Proceedings 
of the Astronomical Society for November, 1851, they appear, like the 
other satellites, to revolve in orbits nearly perpendicular to the plane of the 
ecliptic. 

it has been mentioned (p. 139) that a comet discovered by M. Faye, in thie 
year 1843, was found to-revolve in an elliptic orbit, and that its perturba- 
tions for the ensuing revolution were calculated by Le Verrier, who 
arrived at the conclusion that its passage through the perihelion would 
take place on the 2nd of April, 1851. It is a gratifying fact that the 
comet has ‘actually returned at the appointed time. It was first seen by 
Prof. Challis, with the Northumberland refractor, on the 28th of 
November, 1850. The observations of its apparent position have been 
found to present a remarkable agreement with the corresponding results 
derivable from the calculations of M. Le Verrier. 

Allusion has been made at page 243 to the discovery of a small ultra- 
zodiacal planet (Metis) at the observatory of E. Cooper, Esq., of Markree, 
in the north of lreland. An achievement of vastly greater importance has 
since emanated from that observatory in the shape of a catalogue of 14,888 
stars near the ecliptic, the places of which, in general, are not to be 
found in any catalogues hitherto published. This catalogue was constructed 
from observations made in the years 1848, 1849, and 1850, and was pub- 
lished in J851, the expense of printing" having been defrayed by the Go- 
vernment, upon the recommendation of the Royal Society. A second 
eatnlogue, destined to contain the places of about 12,000 additional stars, 
observed in the year 1851, is in the course of preparation at the same 
observatory. Mr. Cooper and ,his active assistant, Mr. Graham, are also 
engaged in executing a series of celestial maps upon a magnificent scale. 
Hach map bas a range of 8° both in right ascension and in declination. 
‘The scale is four times larger than that of the Berlin maps. It is con- 
templated to insert in these maps all the stars within their range which 
have cither been observed at Markree, or have been already published in 
other catalogues. The epoch of reduction is 1850.0. The advantages 
which camot fail to accrue to astronomical science from the construction 
of these maps is incalculable. It must be acknowledged that the labours 
at Markree Observatory exhibit a loftiness of aim as well as a unity of 
design, and a spirit of skilful’ perseverance, which’ not only serves effec- 
tually to remove that establishment from the category of mere amateur 
observatories, but entitles it to an honourable place in the highest class 
of those institutions that have been founded for the promotion of astro- 
nomical science, 

dn concluding this note it may be stated, that the Astronomer Royal 
has now (February, 1852) completed the arrangements at the Royal 
Observatory for recording transits of stars by means of an electro-magnetic 
apparatus. The accuracy of this method may be relied on to the twentieth 
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of a second of time. It is contemplated, in connexion with this improve- 
ment, to transmit Greenwich time, by means of the electric telegraph, to 
all the most important places in the kingdom. The realisation of this 
project will constitute a boon of inestimable value to the outports, by 
affording on all occasions a reliable standard for the regulation of chro- 
nometers. The successful construction of the submarine telegraph 
between Dover and Calais will also enable the Royal Observatory to 
record transits simultaneously with the Royal Observatory of Paris and 
other similar establishments on the Continent, by which means their 
respective longitudes relatively to each other may be more accurately 
ascertained. The immense importance of this object must be obvious 
to ‘any person who possesses an ordinary acquaintance with astronomical 
science. 


VII. 


Copy or tae Nore oF THE OxsERVATION OF y Draconis, made by 
Bradley, at Kew, with the zenith sector of Molyneux, on the 21st of 
December, 1725 ; the discordance of which with the results of previous 
observations, revealed to him the first glimpse of his immortal discovery 
of the Aberration of Light. 


It has been mentioned at page 337 that the original note of the obser- 
vation, of which the subjoined words are an exact copy, was found a few 
years since by Prof. Rigaud, among the manuscripts of Bradley, written 
upon a loose piece of paper. 


Dec 21% Tuesday 5> 40’ sider time 
Adjusted y® mark to y* Plumb line 
& then y® Index stood at 8 
5h 48’ 22” ye star entred 
49 523 Star at y* Cross 
51 24 Star went out 

could 
As soon as I let go y* course 


screw I perceived y® star too 
much to y* right hand & 
so it continued till it passed 
y* Cross thread and within a quarter 
was 
of a minute after it had passed 
graduat 
T turned y° fine screw till I saw 


A 
y® light of y® star perfectly 
bissected and after y® obser 
vation I found y* index 
at 114, so that by this 
observation y¢ 
mark is about 32 
too much south 
but adjusting 
y® mark and plumb lin 
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Aperration of Light—discovered by Brad- 
ley, 338; various determinations of its 
maximum yalue, 340, 

Adams—Researches on the theory of Uranus, 
168; transmits his results to the Astro- 
nomer Royal, 173; they furnish the earliest 
indication of the Trans-Uranian planet, ib. ; 
second series of results obtained by him, 
185; announcementof his researches by Sir 
John Herschel, 194; 

Airy—Researchés on the lunar theory, 120; 
discovers the long inequality in the Earth 
and Venus, 127; determines the mass_of 
Mars, 129; researches on the mass of Ju- 

iter, 180; determines the ellipticity of the 
Jarth, 145; measures an arc of longitude 
in the British Istes, 150 ; demonstrates the 


existence of errors in the tabular radius | 
yector of Uranus, 167; receives from ; 


Adams the results of his researches on the 
existence of an exterior planet, 173; his 


reply to Adams, 174; correspondence with » 


Le Verrier onthe theory of Uranus, 184; 
reply of the latter, 2.; proposes a search 
for the planct, 7b.; announces to Le Ver- 
sier the results arrived at by Adams, 194 5 
communicates an historical statement re- 
specting the discovery of the Trans-Ura- 
uian planet, 196; detects two new ine- 
qualities in the motion of the moon, 206; 
determination of the lunar parallax, 229; 
modification of Bessel’s method for facilitat- 
ing the reduction of observations, 3455; suc- 


ceeds Pond at the Observatory of Green- | 


wich, 493; reduction of the Lunar and 
Planctary Observations, 495; introduces 
the use of an altitude and azimuth instr 
ment at the Greenwich Observatory, 7. ; 
transit cirele, 497; reflex zenith telescope, 
499; Cambridge Catalogue of Stars, 513; 
first Greenwich Catalogue, .; second 
Greenwich Catalogue, 514; physical ex- 
planation of the disksand rings of stars, 546. 

Aj Batani—iiscovers the motion of the aphe- 
lion of the terrestrial orbit, $7. 

Altitude and Azimuth Instrument—firstused. 
by Roemer, 465. 

Apiam—iirst suggests the use of coloured 
glasses in observations of the sun, 227; re- 
marks that the tails of coniets are turned 
opposite to the sun, 297, 

















Arago—Remarks respecting the discovery of 
the planet beyond Uranus, 196; observes 
occultations of small stars by the moon, 
280; phenomeon witnessed by him on 
those occasions, 231; experiments on the 
light of comets, 313; account of the solar 
eclipse of 1842, 368. 

Axes of the Meridian—Measurement of the 
are between Gottingen and Altona, 144; 
are of India, 145; are measured by La- 
caille at the Cape of Good. Hope, 147 ; Ia- 
bours of Maclear, 148%. arc’ measured in 

| the British Isles, 149, 

Argelander—Zone observations of stars, 511 ; 
executes a catalogue of stars, 513; re- 
searches on stars having a variable bright- 
ness, 541; researches on the motion of the 
solar system in space, 556, 

Atmosphere, terrestrial—-Researches on the 
oscillations of the, 163, 

Attraction—Ideas of Copernicus on the sub- 
ject of, 15; Gilbert, 16; Kepler, 17; 
Galileo, 19; Borelli, 20; researches of 
Newton, 20-40; experiments of Bouguer, 

|—158; Schehallien experiment, 7d. 

Auzout—his remark respecting a twilight in 
he moon, 232; invents the micrometer, 

50. 


Bacon, Roger—Ideas of the telescope, 517. 
Baily—Researches on the influence of the air 
in pendulum experiments, 156 ; determines 
the mean density of the earth, 159; phe- 
nomena observed during the annular 
eclipse of 1836, 409; labours connected 
with star catalogues, 508-13. 
Bailly—explains the origin of the libratory 
motion of the nodes of the sccond satellite 
of Jupiter, 86; researches on the physi- 
cal theory of the satellites, 88 ; determines 
the magnitude of Jupiter's satellites, 250, 
Ball—discovers the duplicity of Satum’s 
ring before the same phenomenon was re- 
‘marked by Cassini, 526, 
Battista Porta—tIdeas of the telescope, 618, 
Bernouilli—his researches on the tides, 71. 
Bessel—his researches on the mass of 
Saturn, 131; experiments on the attrac- 
tion of di#erent bodies, 133; researches on 
the satellites of Saturn, 142; investigates 
the ellipticity of the carth, 145; method 
88 
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for determining the length of the seconds’ 
pendulum, 155 ; investigates the influence 
of the resistance of the air on the rate of 


oscillation, 22.; directs his attention to | 


the irregularities of Uranus, 167;  re- 
searches on the elements of Saturn's ring, 
259; determines the period of the comet 
of 1811, 289; observations on the nucleus 
of Halley’s comet, 294; opinion respect- 
ing the tails of comets, 311; researches 
on the quantity and laws of precession, 
$20; researches on refraction, 835; 
method for facilitating the reduction of 
observations, 334; zone observations of 
stars, 511; determines the parallax of 
61 Cygni, 551; researches on the motion 
of the solar system in space, 556. 

Bianchini—Researches on the rotation of 
Venus, 234. *s 

Biot—Experiments with the pendulum, 153; 
value of tMe terrestrial ellipticity hence 
deduced by him, 158; researches on the 
motion of the solar system in apace, 556. 

Bode—Uxplanation of the solar spots, 222. 

Bond—Physical observations of Saturn's 
ring, 265; discovers the eighth satellite of 

5 Saturn, 271, 

Borel—Account of the invention of the 
telescope, 517. 

BoreJli~his ideas of cirenlar motion, 20 ; 
surmise respecting the orbitsof comets, 102. 

Bouguer—Researches on atmospheric refrac- 
tion, 328. 

Bouillaud—determines the period of the 
variable star Mira Ceti, 540; opinion re- 
specting the cause of its variable bright- 
ness, 541, 

Bouvard—his determination of the mass of 
Jupiter, 180; publishes tables of Jupiter 
and Saturn, 181; determines the mass of 
Uranus, 132 ; calculates tables of Uranus, 
165; finds it impossible to reconcile the 
ancient with the modern observations, tb. ; 
suspects the existence of an exterior planet, 
ab, 

Bouvard, E.—caleulates tables of Uranus, 
174; finds it impossible to reconcile them 
with all the observations of the planet, 175, 

Bradley-—Researches on the satellites of Ju- 
piter, $1; first introduces the equation of 
light into the tables of these bodies, <2. ; 
discovers the great inequality of the three 
interior satellites, and suggests its physical 
canse, 82; discovers that the orbit of the 
fourth gatellite is eccentric, ib.; researches 
on refraction, 329; discovers the aberra- 
tion of light, 338; discovers the nutation 
of the earth’s axis, 341; accounts of his 
labours at the Observatory of Greenwich, 


483; remark respecting the parallax of ' 
the fixed stars, 549; remark relative to ‘ 


the motion of the solar system in space, 
554, 

Brahé, Tycho—overthrows the theory of 
solid orbs, 15; demonstrates that comets 
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are situate beyond the moon’s orbit, 102; 
supposes them to move in circular orbits, 
ib.; views respecting the tails of comets, 
808 ; first employs refraction in correct- 
ing astronomical observations, 321; in- 
vents the mural quadrant, 445; observes 

+ the new star which appeared in the year 
1572, 539; opinion respecting its origin, 
2b. ; estimate of the apparent diameters of 
the stars, 547. 

Brewster—his opinion respecting the solar 
spots, 227. 

Brinkley—-Researches on refraction, 332; 
researches on the parallax of the fixed 
stars, 550. 

Burchardt—caleulates the terms of the long 
inequality of Jupiter and Saturn, depend- 
ing on the fifth powers of the eccentricities 
and inclinations, 129; calculates the ele- 
ments of Halley’s comet for 1759, 137; 
calculates the lunar parallax by means of 
the formule of Laplace, 223. 

Biirg—caleulates tables of the moon, 118; 
discovers irregularities in the moon's epoch, 
ib,; attempts to represent them by an 
empiric equation, 119. 


Campani—attains great excellence in the 
construction of refracting telescopes, 526, 

Capocci—Researches on the comet of 1843, 
290. 

Carlini-—-Researches on the lunar theory, 
119; experiments with the pendulum for 
the purpose of determining the mean den- 
sity of the earth, 160. 

Cassini, J, D.—Discovers the coincidence of 
the nodes of the moon’s orbit with those 
of the moon’s equator, 78; publishes tables 
of Jupiter's satellites at Bologna, 80; re- 
jects the equation of light, ‘6.; method for 
determining the solar parallax, 211; . 
yalue of that element assigned by him, 
212; remarks respecting the solar spots, 
219; executes a chart of the moon’s sur- 
face, 280; observes an occultation of 
Jupiter by the moon, 231; researches on 
the physical constitution of Venus, 234; 
discovers that she has a rotatory motion, 
ib.; determines the period of rotation, 
40.3 observations on the physical constitu- 
tion of Mars, 236; discovers that it revolves 
onan axis,7.; determines the time of rota- | 
tion, 76.; researches on the rotation of 
Jupiter, 244; theory of the belts of Ju- 
piter, 248; discovers the duplicity of 
Saturn's ring, 260; physical observations 
of the ring, 263; discovers four satellites 
of Saturn, 268; variable brightness of the 
fifth satellite, 271; hypothesis of atmo- 
spheric refraction, 322; appointed Director 
of the Royal Observatory of Paris, 457. 

Cassini, J.—his remarks on the rotatitn of 
Venus, 234; views respecting the visi- 
bility of the stars, 543; attempts to de- 








termine the apparent diameter of Sirius, 


INDEX. 


545; researches on the proper motions of 


the stars, 554. 

Cassini, IV.—Remark respecting the Obser- 
vatory of Paris, 480. 

Cassegrain—devises a new form of the re- 
flecting telescope, 529. 

Catalogues of Stars—Catalogues of various 
astronomers, 507-15. 

Challis—institutes a search for the planet 
indicated by the theoretical researches of 
Adams, 185; secures two positions of the 
planet anterior to its actual discovery, 193. 

Clairaut—solves the problem of three bodies, 
44; researches on the lunar theory, 2. ; 
fails to account for the motion of the lunar 
apogee, 45; revises his solution and obtains 
the true result, 46; researches on the figure 
of the earth, 67; theorem on the variation 
of gravity at the carth’s surface, 68; cal- 
culates the perturbations of Halley’s comet, 
104. 

Comets—Tycho Brahé demonstrates that 
comets are situate beyond the moon's or- 
bit, 102; opinions respecting their orbits, 
i.; Lagrange’s method for calculating 
their perturbations, 105; methods devised 
for the determination of their orbits, 133; 
comets of 1807, 184; comet of 1680, 
289; supposed to move in an elliptic 
orbit, ¢.; various determinations of its 
periodic time, 2b.; comet of 1264, 290; 
comet of 1811, 7.; comet of Brorsen, 7b. ; 
comet of 1848, iJ.; various determinations 
of the orbit of this comet, 291; general 
aspect of comets, 293; comets without 
either nucleus or tail, 25,; translucency 
of conictie matter, db.; envelope surround- 
ing the heads of comets, 294; proved to be 






hollow, i.; dimension of the envelope, j 


295; nucleus of comets, 7.; supposed in 
some instances to be solid, 296; attempts 
to determine its magnitude, 7.; strecture 
of the tail, 2J.; its direction generally 
opposite to that of the sun, 7.; lateral 
deviation of the extremity of the tail, 297 ; 
direction of the tail first remarked in 
Europe by Apian, 7).; the same fact 
previously noticed by the Chinese, 2.5 
comets with several tails, 2b, ; comets with 
tails of gréat length, 76.; the absolute 
dimensions of the tail are in many in- 
stances immense, 298; phenomena usually 
exhibited hy comets during their passage 
of the perihelion, .; variation of volume 
depending on their position relative to 
the sun, 301; great heat to which some 
comets are subjected on their passage of 
the perihelion, %%.; dissolution of comets, 
802; development of the tail, %.; varia- 
tions in the length of the tails of some 
comets, 303; examples of very conspi- 
enons comets, 304; various opinions 
with respect to the durability of comets, 
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respecting the tails of comets, 308; light 
of comets, 312; by some enquirers sup- 
posed to be selfluminous, 7.; by others 
they are held to shine only by reflected 
light, 2.; experiments of M, Arago, 313; 
hypothesis of Laplace with respect to the 
heat suffered by comets, 814; their mass 
must be very inconsiderable, 1.; ultimate 
end for which comets are destined, 315. 

Comet of Biela—demonstrated by Gambart 
and Clausen to revolve in an elliptic 
orbit, 135; ita perturbations calculated 
by Damoiseau, 7d,; apparition in 1846, 
136; divides into two parts, 2, 

Comet of Encke—dcmonstrated to revolve 
in an elliptic orbit, 184; tends to confirm 
the hypothesia of a resisting medium, 135, 

Comet of Faye—discovered by Faye in 
1843, 139; its orbit shown to be elliptic, 
.; its perturbations calculated by Le 
Verrier, 2. F 

Comet of De Vico—Discovery of the, 141; 
shown to revolve in an elliptic orbit, 7d. 

Comet of Halley—its return first predicted 
by Halley, 108; first seen in 1759 by 
Palitzch, 104; passage of the perihelion 
in 1835, 186; various determinations of 
its elements for 1759, <b.; its perturba- 
tions calculated by various geometers, 
137; ancient observation of, by the 
Chinese, 288; physical observations of 
Sir John Herschel, 301. 

Comet of Lexeli—First shown by Lexell to 
revolve in an elliptic orbit, 105; thrown 
out of its orbit by the disturbing action of 
Jupiter, .; suspected by Valz to be 
identical with Faye’s comet, 189; this 
opinion shewn by Le Verrier to be 
erroncous, 140. 

Copernicus—his ideas on the attraction of 
matter, 15, 


{ Crabtree-—obseryes the transit of Venus in 


1639, 421. 


D’Alembert—solves the problem of three 
bodies, 44; computes the lunar perturba- ° 
tions, 2. ; rescarches on the attraction of 
ellipsoids, 69, 

Damoiseau—Researches on the lunar theory, 
119; calculates the perturbations of 
Biela’s comet, 136; researches on Hal- 
ley’s comet, 187; his evaluation of the 
Junar parallax, 228, 

Dawes—determines the ellipticity of Mer- 
eury, 233; observations on Saturn’s ring, 
265. 

Day, Sidereal—Invariability of the, demon- 
strated by Poisson, 161; confirmed by 
ancient eclipses, J. 

De Dominis—Notions of the telescope, 518. 

De Gasparis—discovers the planet Hygeia 

P 248. (See Appendix.) 

Delambre—calculates tables of, Jupiter's sa- 
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Delisle—Hypothesis respecting the lun 
nous ring seen during solar eclipses, 386. 

De Rheita—Account of the origin of the 
telescope, 517. 

De Vico—determines the time of rotation of 
Venus, 234. 

Descartes—opinion respecting the irradiation 
of light, 851; account of the origin of the 
telescope, 517. 

Diffraction of Light—discovered by Grimaldi, 
845; researches of Newton on the sub- 
ject, ab. 

Dollond—Researches on the dispersion of 
light, 581; controversy with Euler on the 
subject, 2b.; discovers the principle of 
achromatism, 532; conatructs achromatic 
telescopes, 76. 

Dorfel——proves that the comet of 1680 
moved in a parabolic orbit, 102. 

Dunthorne—Researches on the secular in- 
equality in the mean motion of the moon, 69. 

Du Sejour—his researches on the subject of 
a lunar atmosphere, 232; explanation of 
the origin of Saturn’s ring, 267. 





Farth—Researches of Newton on the figure 


of the,37; perturbations of the, computed | 


py Clairant, 50; figure of the, investigated 
by Huyghens, 66; researches of Maclaur 
on the same subject, 67 ; researches of Clo 
taut, 4, his theorem relative to the vari 
tion of gravity at the surface of the, 63; 
motion of the aphclion of the, discovered, 
97; its perturbations investigated by La- 
place, 127; long inequality discovered by 
Airy, 128 ; determinations of theellipticity, 
145, 146; determinations of the mean 
density, 159. 


Kelipses of the Sun, Total—rareness of their | 


occurrence, 361 ; circumstances upon which 
thoy depend,362; ancient records of, 363- 
264 ; modern records, 365--7 ; accountof the 
eclipse of 1842, 367-71; change of colour 
exhibited by the sky during the obscura- 
tion, 872; darkness during the totality, 
874; sudden transition from day to night, 
375; luminous ring seen around the moon, 
876; recorded observations of this pheno- 
menon, 2.3 appearance of the ring du- 
ring the eclipse of 1842,381-5; explana- 


tions of the nature and physical cause of ; 


the ring, 386-90; luminous protuberances 


observed during the totality, 390-393; | 


reddish streak of light observed around 
the moon’s limb immediately before and 
after thetotal obscuration, 396; conclusions 
amuggested respecting the physical constitu- 
tion of the sun, 400; aspect presented by 








the moon, 401; coruscations of light ob- = 


served, 403; undulatory movements ob- 
served before and after the total obscuration, 
404; bends of light observed, 406-10; 
explinations of their physical cause, 411. 


Felipses of the Sun, Annular—earliest re- - 
cords of, 371; modern recards, 372; In- | 


INDEX. 


Minous appearance observed around the 
moon’s limb, 397; aspect of the moon 
during the eclipse of 1836, 401; heads of 
light secn at the exterior and interior con- 
tacts, 407 ; explanations of their physical 
cause, 411, 

Eclipses, Lunar—Phenomenaobscrved during 
the occurrence of, 412. 

Ecliptic —various determinations of the obli- 
quity of the, 98; its diminution explained 
by the theory of gravitation, 98; influence 
of its displacement on the length of the 
tropical year, 99 ; its variation atfected by 
the secular displacement of the equator, 
100. 

Ellipsoids, Attraction of —Researches of Mac- 
lanrin, 67; D’Alembert, 69; theory of 
the attraction of spheroids of small eccen- 
tricity, 2b. 

Encke—determines the mass of Mercury, 
125; researches on the mass of Jupiter, 
180; demonstrates that the comet which 
bears his name revolves in an elliptic orbit, 
134; speculations on a resisting medium, 
wb. 

Equinox, place of the--Mcthod of Flamsteed 
for determining it, 471. 

Eratosthenes——determines the obliquity of 
the ecliptic, 436. 

Euler—solves the problem of three bodies, 
44; researches on the funar theory, 7d., 
46; researches on the long inequality of 
Jupiter and Saturn, 48; invents the me- 
thod of the variation of elements, 49 ; 
investigates the secular inequalities of the 
planets, 51; fruitless attempt to account, 
by the theory of gravitation, for the secu- 
lar inequality in the mean motion of the 
moon, 61; investigates the theory of the 
tides, 71; researches on the physical 
theory of Jupiter's satellites, 88 ; researches 
on the dispersion of light, 531. 

Everest—measures an are of the meridian in 
India, 146; remarks respecting the are of 
the meridian measured by Lataille at the 
Cape of Good Hope, 147. 


Fabricixs, David—observes the variable star 
Mira Ceti, 540. 

Fabricius, John—<discovers the solar spots, 
213; his mode of observing them, 227. 
Faye—discovers the comet which bears his 

name, 139. 

Ferrer—observes the solar eclipse of 1806, 
867 ; researcheson the existence of a lunar 
atmosphere, 386. a 

Flamsteed—appointed director of the Royal 
Observatory, Greenwich, 460; account of 
his labours, 467-477; attempts to deter- 
mine the parallax of the polar star, 548. 

Fontana—firat observes spots on the surface 
of Mars, 235, 

Foster—Experiments with the pendalum 
for the purpose of determining the ellipti- 
city of the earth, 156. 


INDEX. 


Frauenhofer—E xeclience attained hy, in the j 
construction_of refracting telescopes, 535. ! 


Galileo—discovers the diurnal libration of ; 
the moon, 72; discovers the satellites of 
Jupiter, 76; deduces the rotatory motion | 
of the sun from observations of the solar 
spots, 216 ; determines the period of rota- 
tion, 72.; his mode of observing the solar 
spots, 228; discovery of mountains on 
the moon’s surface, 229 ; phases of Venus, 
233; inoxplicable appearance of Saturn, 
254 ; researches on irradiation, 347 ; exe- 
cutes a refracting telescope, 520; method | 
for ascertaining the magnifying power of 
telescopes, 521; first applies the telescope 
to the purposes of physical science, <b.; 
attempt to determine the apparent dia- 
meter of « Lyre, 545; method for deter- 
wining the parallax of the fixed stars, 
547. ; 

Galle—discovers the planet exterior to Ura- 
nus, 192. 

Galloway—Researches on the motion of the 
solar system in space, 557. 

Gambart—demonstrates that the comet of 
Biela revolves in an elliptic orbit, 135. 

Gascoigne—first invents the micrometer, 
450; micrometrical results due to him, 
452; first employs telescopic sights in 
astronomical observations, 454. 

Gassendi--Researches on irradiation, 347; 


observes the transit of Merenry in 1631, j 
415. | 


Gilbert—his ideas of attraction, 16. 
Gilliss--appointed to determine the solar 
parallax, 213; catalogue of stars, 513. 
Gondricke—-Researches on variable stars, 

540, 

Gravitation, theory of-—cstablished by New- 
tou in all its generality, 26 ; slowness of 
its early progress, 41, 

Gregory, James—-first points out the utility | 
of transits of the inferior planets in deter- 
mining the valne of the solar parallax, 
428 ; explains the principle of the reflect: 
ing teleseope, 526; method for deter- 
mining the parallax of the fixed stars, 
547. 

Groombridge—executes a catalogue of stars, 
511. 


Hadley —invents the reflecting octant, 482 ; 
sttaings great excellence in the construc- 
tion of reflecting telescopes, 529. 

Halley——encourages Newton in his researches 
on the theory of gravitation, 27 ; suspects 
the physical cause of the long inequality 
of Jupiter and Saturn, 48; discovers the 
secular inequality in the moon’s mean 
motion, 60; researches on Newton's theory 
of comets, 102; predicts the return of the 
comet which bears his name, 103; deter- 





mines the period of the great comet of 
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eclipse of 1715, 372; succeeds Flam- 
steed at the Observatory of Greenwich, 
477 ; opinion respecting the apparent dias 
meters of the stars, 545; first discovers 
the proper motions of the stars, 554. 

Hansen—his researches on the planetary 
perturbations, 113; acconnts by the 
theory of gravitation for the irregularities 
in the moon’s epoch, 120; accounts for 
two new inequalities in the moon's motion, 
206. 

Harding—discovers Juno, 240; observa- 
tions of Saturn’s ring, 264. 

Harriot—obacrves the solar spots, 215.. 

Hencke—discovers the planet Astrea, 242; 
Hebe, 2, 

Henderson—Researches on the value of the — 
solar parallax, 212; investigation of the 
lunar parallax, 228; determines the pa- 
fallax of the double star « Centauri, 551, 

Herschel, Sir John—observes Halley’s comet 
after the passage of the perihelion in 
1835, 188; researches on the satellites of 
Saturn, 142; explanation of the physical 
cause of the solar spots, 225; reobserves 
two of the satellites of Uranus, 255; re- 
searches on their motions, 2b,; observa- 
tion indicative of the transparency of 
comets, 294; the nucleus of a comet ap- 
pears to be merely a vaporous substance, 
2b. ; observations on the physical aspect of 
Halley's comet after the passage of the 
perihelion in 1835, 299; variation of the 
volume of the comet assigned, 301; re- 
mark on the great heat to which comets 
are subject on their passage of the perihe- 
lion, 302; explains the variation of voluine 
which comets undergo, 807; researches on 
the relative brightness of the stars, 542; 
researches on double stars, 560; observa- 
tions of nebula, 568; star gauges in the 
southern hemisphere, 577. 

Herschel, Sir William—determines the rela- 
tive quantity of light emitted by the dif- 
ferent parts of solar spota, 217; ‘measures 
theirsize, 218; remarks their rapid changes, 
2b.; explanation of the penumbrx, 223; 
hypothesis of the generation of the spots, 
ib.; determines the altitude of the lunar 
mountains, 229; determines the time of 
rotation of Mars, 236; assigns the cllip- 
ticity of that planet, «2.; explains the ap- 
pearance of white spots at the poles, 237; 
researches on the rotation of Jupiter, 245; 
velocity of the spots on the planet's disk, 
247; opinion respecting their nature, <b.; 
explanation of the belts of Jupiter, 248; 
physical observations of the s&tellites of 
Jupiter, 249; determines the equality be- 
tween the periods of rotation and revolu- 
tion in the case of all the satellites, <b. 
determines the absolute magnitude of the 
second satellite, and the relative magni- 
tudes of all the four, 250: observes the 
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the rotation of the planet on an axis, 251; | 
determines the time of rotation, .; dis- 
covers that the figure of the planet is 
spheroidal, 252; determines the ellipticity, | 
i.; observes an irregularity in the figure 
of the planet, 253; discovers phenomena ; 
jndicative of an atmosphere, <&.; pheno- 
mena observed about the polar regions, 
254; demonstrates the duplicity of the 
ting, 260; proves the thickness of the 
ring to be inconsiderable, 261; discovers 
the rotatory motion of the ring, 262; de- 
termines the time of rotation, i, ; physical 
observations of the ring, 263; suspects it 
to be encompassed by an atmosphere, 264; 
perceives the unenlightencd side of the 
ring, 265; explanation of its visibility, 
266; discovers two satellites of Saturn, 
270; observations on the variable bright- 
ness of the fifth sutellite. 272; discavers 
the planet Uranus, 272-274; determines | 
its magnitude, 275; discovers two satele | 
Vites revolving round Uranus, 279; de- | 
monstrates that their orbits are nearly | 
perpendicular to the ecliptic, and that 
their motion is retrograde, 282; discovers 
four additional satellites, .; observations 
on the physical constitution of the two | 
old satellites, 284; observation illustra- | 
tive of tho transparency of comets, 293; ! 
researches on the comet of 1811, 294; re- 
searches on the light of comets, 312; 
opinion on the purpose which they serve 
in the economy of the physical universe, 
815; experiment illustrative of irtadiation, 
$52; attains great excellence in the con- 
atruction of reflecting telescopes, 533; re- 
searches on the relative brightness of the 
stars, 542; space-penetrating power of 
telescopes, 544; applies it ta determine 
the relative distances of stars and clusters 
of stars, 70.5 attempts to determine the 
apparent magnitudes of the stars, 546; : 
researches on the parallax of the stars, 549; 
researches on the motion of the solar sys- | 
tem in space, 555; observations of doubl 
stars, 559; establishes their physical 
theory, 560; observations of nebula, 5 
nebular hypothesis, 567; structure of the 
Milky Way, 575; star gauges, 
speculations on the breaking up of the 
Milky Way, 576. i 
Hevelias—discovers the libration of themoon | 
in longitude, 72; surmises that comets 
move in parabolas, 102; constructs charts - 












of the moon’s surface, 229; observes a 
transit of Mercury, 417; constructs a 
catalogue of stars, 508; attempts to deter- 
* mine the apparent diameters of the stars, 
545. 
Hind—Discovery of Iris, 243; Flora, 7. ; 
researches on the identity of the comets of + 
4964 and 1558, 290. (See Appendix.) 
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the equinox among the stars, 435; estab- 
lishes the solar and lunar theories, 436; 
invents the astrolabe, 438; the first who 
executes a catalogue of stars, 507. 

Hooke—his correspondence with Newton 
relative to the path of a projectile, 22; 
contests Newton’s claim to the discovery 
of the law of gravitation, 29; discovers 
the rotation of Mars, 236; bis estimation 
of the time of rotation, 28.; discovers the 
rotation of Jupiter, 244; suggests the first 
notion of the reflecting quadrant, 481; 
first executes a Gregorian telescope, 529; 
points ont the principle upon which the 
visibility of stars depends, 543; attempts 
to determine the parallax of the stars, 548; 
suggests the probability of a proper motion 
of the stars, 553. 

Horrebow—Account of the destruction of 
the Copenhagen Observatory, 466. 

Horrocks—observes the transit of Venns in 
1639, 421; account of his life, 422; col- 
lection of his manuscripts by the Royal 
Socicty, 424; brief notice of his posthu- 
mous fragments, 424-428 ; attributes the 
motion of the lunar apsides to the dieturb- 
ing force of the sun, 425; devises the ex- 
periment of the circular pendulum with a 
view to illustrate the action of a central 
force, 7.; obtains a glimpse of the Jong 
inequality of Jupiter and Saturn, 426; 
surmise respecting the movements of 
comets, 427; undertakes researches on 
the tides, 3.; remark respecting the ap- 
parent diameters of the stars, 545. 

Hussey—suspects the existence of a planet 
beyond Uranus, 166. 

Huyghens—refuses to admit the attraction 
of the constituent particles of matter, 42; 
his researches on the figure of the earth, 
66; discovers the true form of Saturn’s 
appendage, 257; determines the magni- 
tude and position of the ring, 258; dis- 
covers a satellite of Saturn, 267; applies 
the pendulum to clocks, 448; method 
devised hy him for measuring small angles, 
450; attains great excellence in the con- 
struction of telescopes, 525; determina- 
tion of the parallax of Sirius by photo- 
metric principles, 547; discovers the 
nebula of Orion, 563. 


Invariable Plane of the Solar System— 
Sratence of the, demonstrated by Laplace, 
101. F 

Irradiation of Light-—firet remarked as a 
general principle by Kepler, 346; re- 
searches of Galileo on the subject, 347; 
Gassendi, 351; Descartes, 2h,; itlustra- 
tive experiment by Sir William Herschel, 
852; researches of Dr Robinson, 353; 
Plateau, 355; Powell, 356. 


: Fyvory—Theorem relative to the attraction of 


INDEX. 


Johnson—executes a catalogue of southern 
stars, 512; observations of circumpolar 
stars in the northern hemisphere, 541. 

Jupiter—long inequality in the mean mo- 
tion, 47; its physical cause first suspected 
by Halley, 48; researches of Euler, 7; 
Lagrange, 50, 58; Lambert, 57; Laplace 
finally accounts for it by the theory of 
gravitation, 59; various determinations of 


the mass of the planet, 130; belts on : 
his surface, 243; when discovered, 244; ; 
Totation of the planet on an axis sus- _ 
j established beyond § 





pected by Hooke, ¢. 
doubt by Cassini, 2.; researches of Sir 
William Herschel on the subject, 245; 
researches of Airy, 72.3 ellipticity dis- 
covered, 7.3 determined by Pound, b. ; 
Struve, i.; near agreement between the 
observed ellipticity and the theoretical 
determination of Laplace, .; observa- 
tions of his belts, 246; explanations of 
their nature, 248. 

Jupiter, Satellites of—discovered by Galileo, 
76; tables of Hodierna, 79; Borelli, i. ; 
tables of Cassini, 80; tables of Bradley, 81 ; 
equation of light first introduced into 
their theory by that astronomer, 7. ; his 
discovery of the inequality in the three 





interior satellites, 83; researches of New- | 
ton on their physical theory, 88; disturb- | 


ing influence of the spheroidal figure of 
Jupiter first remarked by Euler, <.; 
effects thus produced first pointed out by 


Walmsley, id. ; subjected to rigorous inves- | 
tigation by Euler, ¢0,; their perturbations + 


investigated by Bailly, i.; researches of 
Lagrange, 90; relation between the mean 
longitudes and the mean motions of the 
three interior satellites discovered by La- 
place, 92; libration of the three interior 
satellites, 2b. ; researches of Laplace on the 
theory of the satellites, 93 ; invariable plane 
of reference discovered by him, 94; masacs 


assigned to the satellites by him, 96; | 


elements determined by Delambre, @. 


maximum value of aberration deduced | 


from the eclipses of the satellites, 2. ; 


shadows and transits of the satellites ob- | 
served by Cassini, 248; physical observa | 


tions by Maraldi, 7.; conclusion deducible 
from them, 249; the times of rotation and 
revolution of each satellite shown to be 
equal, ib.; various determinations of the 
magnitudes of the satellites,i0.—Sat. IL.,its 
inclination demonstrated by Maraldi 1. to 
be variable, $1 ; period of this inequality de- 
termined by Wargentin, 85; libratory mo- 
tion of the nodes discovered by Maraldi 
IL, 86; explained by Bailly, 2.; deter- 
mination of its mass by that geometer, 89. 


Sat, IIT., Maraldi IL. discoversitsinclina- | 
tion to he variable, 82; its eccentricity dis- | 


covered by him, 84; suspected by Wargentin 
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IL., 86; its mass determined by Bailly, 89, 
—Sat. I'V., its orbit suspected by Bradley 
to be eccentric, 82; eccentricity established. 
by Maraldi IT., 23.; the nodes discovered 
to have a direct motion on the plane of 
Jupiter's orbit, 85; explanation of this 
apparent anomaly by Lalande, ¢4.; incli- 
nation shown to be variable, 86. 


Kater—Mode of determining the length of 
the seconds’ pendulum, 153. 

Kepler—his ideas of an attractive force, 1; 
surmises that comets move in straight 
lines, 102; opinion respecting the tails 
of comets, 809; researches on refraction, 
821 ; researches on irradiation, 347} opi- 
nion respecting the luminous ring seen 
during solar eclipses, 885 ; predicts transits 
of Mercuryand Venus, 415; first explains 
the principle of the refracting telescope, 
525; observes the new. star of 1604, 589; 
opinion respecting its origin, i>, 

Kramp—Researches on the mathematical 
theory of refraction, 830. 


Lacaille—measures an are of the meridian 
at the Cape of Good Hope, 147 ; deter- 
mines the solar parallax, 212; lunar 
parallax, 228; researches on refraction, 
330; account of his labours in practical 
astronomy, 486 ; observations of nebulie 
in the southern hemisphere, 564. 

Lagrange—devises a new aolution of the 
problem of three bodies, which he applies 
to the investigation of the long inequality 
of Jupiter and Saturn, 50; demonstrates 
the invariability of the mean distances of 
the plancts, 52; investigates the secular 
variations of the other elements, i. ; se- 
cond investigation of the long inequality 
of Jupiter and Saturn, 58 ; researches on 
the secular inequality in the mean motion 
of the moon, 61; researches on the at- 
traction of ellipsoids, 69; libration of 
the moon, 74; investigates the perturha- 
tions of Jupiter's satellites, 90 ; computes 
the diminution of the ecliptic by the 
theory of gravitation, 98; his method for 
caleudating the perturbations of comets, 
105 ; his researches on the variations of 
the clements of the planetary otbits, 110; 
invents the theory of the variation of 
arbitrary constants, 111; researches on 
the origin of the ultra-zodiacal planets, 
241. 

La Hire—his explanation of the solar spots, 
219; hypothesis respecting the luminous 
ring seen during solar eclipses, 356. 

Lalande—his researches on the libration of 
the moon, 73; objections urged by him 
against Wilson's theory of the solar spots, 











Researches on the long inequality 
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adopts the hypothesis of a central sun, 


558 ; views respecting the structure of the | 


Milky Way, 574. 
Lamont—Researches on 
Uranus, 285. 


the satellites of 


Laplace—his opinion respeeting the Prin- | 


cipia, 83; his researches on the mean 
notions of the planets, 51; investigates 
the gccular variations of the plinetary 
elements, 52; his theorems relative to the 
stability of the planetary system, 55; ex- 
plains by the theory of gravitation the 
Jong inequality of Jupiter and Saturn, 59 5 
discovers the physical origin of the secular 
inequality in the moon’s mean motion and 
computes its amount, 62; investigates 
the sccular inequalities of the perigee and 
nodes of the Innarorbit, 64 ; computes the 
lunar inequalities depending on the sphe- 
roidal figure of the earth, 65; investi- 
gates the inequality in the moon's longi- 
tude depending on the solar parallax, 74. 5 
discovers inequalities in the moon’s mo- 
tion, depending on the spheroidal figure 
of the earth, 2b.; determines the lunar 
inequality in longitude involving the solar 
parallax, 7,3 theory of the attraction of 
spheroids, 69 ; demonstrates the stability 
of the ocean, 71; researches on the tides, 
ib. ¢ investigates the disturbing influence 
of the ocean on the earth’s axis, a. 5 re- 
searches on the stability of Saturn’s rings, 
76; investigates the perturbations of Ju- 
piter's satellites, 91; researches on the 
diminution of the obliquity of the ecliptic, 
99; comparison of his formula with an’ 
~ ancient Chinese observation, 1. ; investi- 
gates the secular variation of the tropical 
year, i. 5 discovery of an invar 
in the solar system, 101; publication of 
the 1 2 fittest, 108; researches 
on the vi 
planetary orbits, 11] ; suggestion respect- 
ing the cause of the irregularities in 
the moon’s epoch, 119; determines the 
mass of the moon, 122; researches 
on the mican temperatnre of the earth, 
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162; oscillations of the atmosphere, ib. ; 
first calculates the elliptical elements of | 


Uranus, 275; hypothesis relative to the 
heat of comets, 314; researches on the 
theory of refraction, 831. 


Lassell_—discovers the eighth satellite of Sa- j 


tum, 271; reobserves one of the satellites 
of Uranus, 286; discovers a satellite re- 
yolving around Neptune, i. effects im- 
provements in the constrection of reflect- 
ing telescopes, 536; discovers two satel- 
lites of Uranus, Appendir. 

Le Verrier—his researches on the inclina- 
tions of the planetary orbits, 116; in- 
vestigates the secular variations of the 
planetary elements, 117; investigates the 
theory of Mercury, 125; calculates the 
long inequality of Pallas, 182 ; researches 





Ie plane: 


ations of the elements of the | 
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on the perturbations of Faye’s comet, 139 ; 
researches on the identity of the comets 
of Lexeli and Faye, 140; proves them to 
be distinct bodies, 141; researches on the 
identity of the comets of 1585 and 1843, 
wb.; investigates the theory of Uranus, 
175; fails to account for the observed ir- 
regularities of theplanet, 177 ; investigates 
them upon the hypothesis of a disturbing 
planet, 178; first results which he ob- 
tained, 183; second investigation of the 
subject, 187; final results deduced by 
him, 188; remarks on the physical aspect 
of the disturbing planet, 190. 

Lexell—shews that the comet which bearshis 
name revolved in an elliptic orbit, 105 ; 
his explanation of its disappearance, #. ; 
first suspects Uranus to be a planet, 274; 
determines its apparent diameter, 275. 

Light—Researches of Struve on the ox- 
tinetion of, in its. passage through space, 
577. 

Lipperhey—proved: to be the original in- 
ventor of the telescope, 519. 

Longitude—Are of, measured in the British 
Isles, 150, 

Louwville—applies the micrometer to divided 
instruments, 431. 

Lubbock—Researches on the lunar theory, 
120. 

Lunar Mountains—first diseoveréd by Gali- 
Ico, 229; various determinations of their 
altitudes, id, 





Maclaurin—his researches on the cquili- 
brium of ellipsoids, 67 ; investigates the 
subject of the tides, 71. 

Maclear-—observes Halley’s comet after the 
passage of the perihelion in 1835, 138; 
geodesical operations at the Cape of Good 
Hope, 148; researches on the parallax of 
@ Centauri, ib, 

Midler—Surmise respecting the possibility 
of discovering a planet beyond Uranus, 

167 ; exccutes, in conjunction with Beer, 
a chart of the moon’s surface, 230; de- 
termines the ellipticity of Uranus, 278; 
speculations on the existence of a central 
sun, 558. 7 

Main—demonstrates the elliptical figure of 
Saturn, 266; researches on the proper 
motions of the stars, 557 

Mairan—Hypothesis of Saturn's ring, 267. 

Maraldi I.—his researcheson Jupiter's satel- 
lites, 80; rejects the equation of light, 
81; discovers that the inclination of the 
second satellite is variable, id.; deter- 
mines the time of rotation of Mara, 236 ; 
physical observations of the satellites of 
Jupiter, 248; observations of Saturn’s 
ring, 263. 

Maraldi 1f,—Researches on the motion’ of 
Jupiter's satellites, $3; discovers that the 
jnelination of the third satellite is variable, 
10.5 ‘establishes the eccentricity of the 


INDEX. 


fourth satellite, 2.3 first rejects and sub- 


sequently admits the equation of light,i.5 | 
remarks that the nodes of the fourth sa- | 


tellite have a direct motion on the plane 


of Jupiter's orbit, 85; discovers the libra- : 


tory motion of the nodes of the seeond 
satellite, 86; investigates the inclination 
of the third satellite, 7.; determines the 
magnitudes of Jupiter's satellites, 250. 
Mars—various determinations of his mass, 
129; spots on his surface, 235; their first 
discovery, i.; they indicate a rotatory 
motion of the planet, 236; period of rota- 
tion determined, 74.; appearance of bright 
spots at the poles, 237; physical explana- 
tion of these phenomena, 2b. 
Maskelyne—Experiment of, to determine 
the attraction of Schehallien, 158; phe- 
nomena observed by him during the tran- 
sit of Venus in 1769, 429; appointed di- 
rector of Greenwich Observatory, 488. 
Maupertins—Explanation of the origin of 
Saturn’s ring, 267; hypothesis respecting 
the variability of the light of stara, 541. 
Mayer—caleulateslunar tables,46 ;researches 
on the libration of themoon, 73 ; researches 
on refraction, 830; account of his labours 
in practical astronomy, 487 ; suggests the 
use of the repeating circle, 488 ; researches 
on the proper motions of the stars, 555. 





Mécanique Céleste—publication of the, 108, | 
Mercury—Researches of Le Verrier on the | 


theory of, 125; various determinations of 
jts mass, 7.3 difficulty experienced in 
making researches on its physical constitu- 
tion, 283 ; mountains upon its surface, 7. ; 
is surrounded by an atmosphere of con- 
siderable extent, 20.; is slightly spheroidal, 
2b.; ite ellipticity determined by Dawes, i. 

Mercury, transits of—Transit predicted by 
Kepler, 415; observed by Gassendi; ac- 
cotinta of various transits, 417; pheno- 
menon observed during the transit of 1753 ; 
physical appearances noticed during seve- 
ral other transits, 418, 

Meridian Circle—invented by Roemer, 461. 

Mersenne—suggests the principle of the re- 
flecting telescope, 527. 


‘Mcssier— Observations of Saturn’s ring, 264; | 


remark on the discovery of Uranus, 277 ; 
observations of nebulz. 

Metins—proved to be one of the inventors 
of the telescope, 519. 

Michell—first points out the principle upon 
which the visibility of the stars mainly 
depends, 543; applies it to the determina- 
tion of the relative brightness of the stars, 
ths estimate of the apparent diameter of 
Sirius, 4.; adopts the hypothesis of a 
central sun, 558; views on the physical 

_theory of double stars, 559. 

Liicrometer—first invented by Gascoigne, 
450; contrivance devised by Huyghens, 
b.; Malvasia, 2.; Auzout, 2b.; Hooke, 
451° Wren. 7. 














633 


Milky Way—Early notions of the, 572; 
theory of Wright, 573; researches of Sir 
W. Herschel, 575; method of gauging the 
heavens devised by him, %.; speculations 
on the breaking up of the, 576; researches 
of Struve on the physical structure of the, 
577; gauges of Sir J. Herschel in the 
southern hemisphere, i, 

Moll—Commnunication relative to the inven- 
tion of the telescope, 518. 

Montanari—first discovers that the star B 
Persei is variable, 540. 

Moon—Newton’s rescarches on the theory of 
the, 36; motion of the apogee erroneously 
computed by him, 37; researches of 
Euler, 44; Clairaut, 45; D’Alembert, 2b.; 
motion of the apogee reconciled with the 
theory of gravitation, 46; secular inequa 
lity in the mean motion, discovered by 
Halley, 60; researches of Dunthorn on th 
subject, 2.; fruitless attempts of geomety 
to account for it by the theory of grav 
tion, 61; finally traced -to. iiss” 
Laplace, 62; secular inequalities ~- 
sperigec and nodes, 64; perturbations de- 
pending on the spheroidal figure of the 
earth, 65; inequality in longitude involv- 
ing the solar parallax, 65; irregularities 
in the epoch discovered, 118; suspected 
to arise from some Jong inequality, 119; 
represented by an empiric equation, <b. ; 
researches on the lunar theory by:Damoi- 
seau, 119; researches of Plana and Carlini 
on the same subject, 2b.; Lubbock, 120; 
Poisson, 120; irregularities in the epoch 
accounted for by Hansen, 121; mass de- 
termined by Newton, 122; determination 
of the same element by Laplace, 73.; two 
new inequalities detected by Airy, 206; 
accounted for by Hansen, ¢b.; charts of 
her surface constructed by different per- 
sons, 229; existence of a lunar atmo- 
sphere, 230; controversy on the subject, <b, 

Moon, Libration of—Diurnal libration dis- 
covered by Galileo, 72; libration in longi- 
tude discovered, i.; researches of. Cassini, 
73; Mayer, ¢.; Lalande, ¢.; physical 
libration pointed out by Newton, 74; re- 
searches of Lagrange, <.; Poisson, 142; 
Nicollet, 143. 

Motiop of the Solar System in space—Re- 
searches on the, 555-557. 

Mural Circle—first used at the Observatory 
of Greenwich, 491. 

Mural Quadrant-—invented hy Tycho Brahé, 
445, 


Nebule—Early observations of, 563 ; obser- 
“vations of Sir W. Herschel, 564; nebular 
hypothesis, 567; observations of Dunlop, 

~ 568; SirJohn Herschel, 7.; Lord Rosse, 
569. 

Neptune—discovered by Dr. Galle, 192; 
discordance between the observed and 
theoretical elements, 202; explanation of 
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this discordance, 203 comparison of the | 
theoretical and observed places of the 
planet, i.; observed by Lalande in 1790, 
204; remarks on the character of its per- | 
turbations, 205; evaluationa of its mass, 
%.; diacovery of a satellite revolving 
around it, 7d. 
Neptune, Satellite of—discovered by Lassell, 
$805 determination of its periodic time, | 
87. B 
Newton—his early notions of an attractive | 
force, 21 ; attempts to compute the gravity 
of the moon to the earth, <.; fails to 
obtain the true result, 22; resumes the 
, Bubject on a future occasion, i3.; discovers 
the law of attraction in an ellipse when 
the force tenda to the focus, 28; resumes 
the consideration of the action of the earth 





upon the moon, 24; employs in hig re- 


searches Picard’s measurement of an | 
~we of the meridian, %.; discovers the j 
ti __of; gravitation, 25; considers the | 
discovettraction of the particles of mat- | 


wr, 76.; determines the attraction of 
spherical bodies, 1d.; establishes the 
principle of gravitation in its utmost 
generality, 26; explains by its agency all 
the grand phenomena of the celestial 
motions, 7}.; stimulated in his researches 
by Halley, 27; publication of the Prin- 
cipia, 28; intellectual character con- 
sidered, 33; his partiality towards the 
ancient geometry, 36; researches on the 
Junar theory, 78. ; imperfect computation of 
the motion of the lunar apagee, 37; re- 
searches on the figure of the earth, 73.; de- 
monstrates the law of the variation of gra- 
vity in different latitudes, 38 ; investigates 
the problem of the precession of the equi- 
noxes, 7.; compensates by his great sagacity 
for the imperfection of his methods, 39; 
points out the solar nutation, 69; explains 
the libration of the moon in longitude, 
73; his researches on the physical theory 
of Jupiter’s satellites, 88; method for de- | 
termining the orbit of a comet, 133; re- 
searches on the theory of the pendulum, 
152; surmise respecting the mean density 
of the earth, 160; opinion respecting the 
tails of comets, 309; researches on atmo- 
spheric refraction, 323; correspondence 
with Flamsteed on this subject, 824; in- 
. Vestigates the mathematical theory of re- 
fraction on various suppositions with re- 
spect to the constitution of the atmosphere, 
825, 326; researches on the diffraction of 
light, 345; invents the reflecting octant, 
482; executes the first reflecting telescope, 
527; researches on the dispersion of light, 
S581; despairs of effecting any further im- 
provement in the construction of refract- 
ing telescopes, ib. 
Nicolai—determines the value of Jupiter's | 

















mass, 130; his opinion respecting the force 
of gravitation, 133. 
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Nicollet—Researches on the libration of the 
moon, 143. 

Nutation—the cffect depending on the action 
of the sun pointed out by Newton, 69; 
lunar effect discovered by Bradley, $41; 
determinations of its maximum value, 342, 


Observatories—Observatory of Copenhagen 
established, 447; Paris, 457; Greenwich, 
459; Pulkowa, 503. 

Ocean—stability of the, demonstrated, 71; 
its influence on the motion of the earth’s 
axis, 7. 

Oibers—discovers Pallas, 239; Vesta, 241; 
his speculations respecting the origin of 
the ultra-zodiacal planets, 240, 


Parallax, Lunar—different determinations of 
its value, 228, 

Parallax, Solar——Laplace computes the value 
of the, by the theory of gravitation, 65; 
various determinations of its value, 211. 

Parallax of the Stare-—Tycho Brahé finds it 
to be insensible, 547; method proposed 
hy Galileo, 2%.; observations of Hooke, 
548; Flamsteed, i4.; Roemer, 7.; re- 
searches of Brinkley, 550; his results 
controverted by Pond, 78.; researches of 
Struve, 2&.; Bessel, 551; Henderson, i.; 
Peters, 2. 

Pendulum—theory of the, 151; applied to 
determine the ellipticity of the earth, 153; 
imperfect reduction to a vacuum, 155; 
researches of Bessel on this subject, 2d.; 
Baily,156 ; applied to clocks by Huyghens, 
448, 


Peters—determines the maximum value of 
aberration, 340 ; researches on the parallax 
of the fixed stars, 553. 

Piazzi--discovers the planet Ceres, 288; 
executes a fundamental catalogue of stars, 
510; attempts to determine the parallax 
of the fixed stars, 549. 

Picard—determines the inclination of Satum’s 
ring, 258; suspects that the temperature 
of the atmosphere exercises an influenee 
upon the quantity of refraction, 323; one 
of the first astronomers who employed 
telescopic sights, 458; method of cor- 
responding altitudes, 459; finds the paral- 
lax of « Lyre to be insensible, 548. 

Pierce—caleulates the perturbations of Nep- 
tune, 205; researches on the comet of 
1843, 292. 

Plana—Researches on the lunar theory, 
119; researches on the long inequality of 
Jupiter and Saturn, 130; determination 
of the lunar parallax, 228. 

Planetary System—Secular variations of 
the planetary elements, 51;-researches of 
Euler on the subject, .: Lagrange, 52; 
Laplace, i.; invariability of the mean 
distances demonstrated by Lagrange, it. ; 
theorems of Laplace relative to the sta- 
bility of the eccentricities and the inclina- 
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tions, 55; Toisson’s researches on the 
variation of the mean distance, 109; 
theory of the variation of elements, 110; 
researches on the secular variations of the 
inclinations, 116, 

Planets, [ltra-zodiacal—researches on their 
perturbations, 132; circumstances con- 
nected with their discovery, 238; dis- 
covery of Ceres, 239; Pallas, i.; Juno, 
240 ; Vesta, 241; apeculations of Olbers 
on their origin, 240; researches of La- 
grange on the subject, 241; discovery of 
Astrea, 242; Hebe, 7. ; Iris, 243; Flora, 
ib. ; Metis, ib. ; Hygeia, i, (See A ppendiz.) 

Plantamour-—Researches on Biela’s comet, 
136. 

Pjateau---Researches on the irradiation of 
light, 355. 

Plutarch—-Statement respecting the laminous 
ting seen during total eclipses of the aun, 
877. 

Pond—succeeds Maskelyne at the Obdser- 
vatory of Greenwich, 491 ; introduces the 
practice of observing with two mural 
circles, 498; controversy with Brinkley 
on the parallax of the fixed stars, 550. 

Pontécoulant—caleulates the perturbations 
of Halley's comet, 187. 

Poisson—his researches on the variations of 
the mean distances of the planets, 109; 
developes the method of the variation of 
arbitrary constants, 119 ; researches on the 
Iunar theory, 120; investigates the phy- 
sical libration of the moon, 142; researches 
on the motion of the earth’s axis, 160. 

Pound—calculates ecliptic tables in time of 
the first satellite of Jupiter, 81; measures 
the dimensions of” Saturn’s ring, 260, 

Powell—Researches on the irradiation of 
light, 356; explanation of the luminous 
ring seen during total eclipses of the 
sun, 887; theory of the beads and 
threads observed during annular eclipacs, 
411; explanation of a phenomenon seen 
during the transit of Mercury, 418, 

Precession of the Equinoxes—Researches on 
its quantitative value, 318 ; erroneous de- 
termination of the annual value by Pto- 

- lemy, 23. ; conclusion hence deduced, id. ; 
its quantity determined by the Arabian 
astronomers, 319; modern evaluations, 
i.; researches of Bessel, 320; Otto 
Struve, 7. 

Prime Vertical Telescope—first employed 
by Roemer, 464. 

Principin— Publication of the, 28; synopsis 
of its contents, 82. 

Problem of Three Bodies—Solutions of the, 
obtained by various geometers, 44, 47. 
Ptolemy—estimates the value of the solar 
- parallax, 211; his erroneous evaluation 
of the quantity of precession, 318; first 
points out the effects of atmospheric re- 


fraction, 321; describes the instruments 
SR NA sy 
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Reflecting Octant—firstinvented by Newton, 
482; reinvented by Hadley and Godfrey, 
4b. 


Refraction, atmospheric—its influence on 
the apparent position of a celestial body 
first recognised hy Ptolemy, 321; first 
applied as a uranographical correction by 
Tycho Brahé, @.; table calculated by 
Kepler, 2. ; law. of refraction discovered 
by Snell, 25. ; researches of Cassini, 23.3 
influence of temperature remarked by. 
Picard, 323 ; researches of Newton, 2, ; 
mathematical theory of, investigated by 
Taylor, 327 ; researches of Bouguer, 328 
Simpson, i. ; influence of the pressure o 
the atmosphere pointed out by~Halley 
329; researches of Bradley, <b. ; Mayer, 
830; Lacaille, 2.; improvements in the 
theory of, effected by Kramp, «5 re 
searches of Laplace, 331; Brinkley, 882 
Ivory, 338; researches of modern astro 
nomers on the subject, 335; Bessel, 7. 

Repeating Circle—principle of the, sug- 
gested by Mayer, 488, 

Right Ascension of a Star—how deter- 
mined by Tycho Brahé, 448; method of 
Flamsteed for effecting the same object, 
AT2, 

Robinson— Researches on the Irradiation of 
Light, 353. : 

Roemer—invents the transit instrument, 
461; perceives the superior advantages of 
instruments composed of complete circles, 
463; invents the meridian circle, <b, ; 
prime vertical telescope, 464; methods of 
adjustment practised by him, 464; con- 
structs an altitude end azimuth circle, 
465; equatorial instrument, 466; at- 
tempts to determine the parallax of the 
fixed stars, 548. : 

Rosse, Earl of—attains unrivalled excellence 
in the construction of reflecting telescopes, 
536; observations of nebula, 569. 

Rumker—cbserves the comet of Encke at: 
Paramatta, 134; catalogue of stars, 512. 


Saturn—long inequality of, 47; accounted 
for by Laplace upon ‘the principles of the 
theory of gravitation, 59; determination * 
of its mass by Newton, 181; modern 
evaluations of the same element, 1; 
bands on his disk discovered, 251; they 
indicate a rotatory motion, 2.3 time of 
rotation determined, ¢.; discovered to be 
spheroidal, 252; value of the ellipticity 
determined, 2.; irregularity in the figure 
of, suspected by Herschel, 7. ; figure de- 
monstrated by Bessel to be truly elliptical, 
258; surrounded by an atmosphere, ab.; 
appearances observed about the polar re- 
gions of, 254. 

Saturn, Rings of—their condition of equi- 
Nibrium investigated by Laplace, 76 5 
early observations of Galileo, 254- im. 
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nature, 255; annular form established by 
Huyghens, % 





; its position determined, | 


BIS; discovered to he double, 259; sus- | 


picion of many divisions on the, 260; 
its magnitude determined, ib.; its thick- 
ness inconsiderable, 261; discovery of 


ts votatory motion, 262; time of rota- ! 


tion determined, id.; physical observa 
tions of the ring, 263; not bounded by 
parallel planes, 264; encompassed by an 
atmosphere, <6,; visibility of the unen- 
lightened side, 265; hypothesis of the 
physical origitvof the, 267. (See. ppendix.) 

Gaturn, Satellites of—Researches of Bessel, 
142; satellites discovered by Huyghens, 

207; discovery of four satellites by 
Cassini, 268, 269; discovery of two new 
satellites by Herschel; an eighth satellite 
diacovered simultaneously by Lassell and 
Bond, 271; variable brightness of the 
fifth satellite, ¢b.; conclusion hence de- 
duced, 272. 

Scheiner—observes the solar spots, 214; 
controversy with Galileo respecting their 
real nature, 214; first remarked that the 
nucleus and penumbre are separated 
by a well-defined boundary, 2.; deter- 
mines the time of the sun’s rotation, 2. ; 
employs coloured glass in observations of 
the sun, 228; constructs charts of the 
moon’s surface, 229; firat who executed a 
refracting telescope, 525. 

Schroeter -~discovers a twilight in the moon, 
283; his researches on the physical consti- 
tution of Mercury, 233; determines the 





-time of rotation of Venus, 234; maintains | 


that high mountains exist on the surface 
of Venus, 235; discovers that Venus is 
surrounded by an atmosphere, é.; deter- 
mines the magnitude of Jupiter's sate 
lites, 250; observations of Saturn's ring, 
262, 

Simpson—computes the motion of the lunar 
apogee, 46; researches on the theory of 
retraction, 328. 

Solur Spots——observed by several persons, 
215; their motions on the sun's disk, 
215; conclusion jronce derived, #.; de- 


~ tailed description of their appearance, 217; 


yelative quantities of light emitted by the 
different party of which they 
posed, i.; their mode of formation, 4 
some are destitute of penumbree, @.; pe- 
numbra without e nucleus, %.; great 
magnitude of the spots, 218; rapid changes 
which they undergo, ¢,; constantly ob~ 
served near the solar equator, 7/.; solar 
facule, 2b.; first seen by Gnlileo, the; 
their immense extent, 219; they are gene- 
rally brightest on the sun's limb, @.; 
thelr invariable appearance 1n the region 
of the spots, id; discovery of Iuenli, #5 
seen over the entire disk of the sun, ¢.; 
yarious explanations of the real nature of 
the spots, <.; Scheiner, iw. ; La Hire, 2. ; 
































INDEX. 


Derham, 220; theory of Dr. Wilson, 2%. ; 
objections urged against it, 221; theory 
of Bode, z.; Sir W. Herschel, 223; Sir 
J. Herschel, 225; how observed by various 
astronomers, 227. 

Snell discovers the law of refraction, 821, 

Sonth—Observations of double stars, 560. 

Stars — [mmense multitude of the, 538; 
stars which have disappeared from the 
heavens, 7.3; new stars, 539; variable 
stars, 540; researches on the relative 
brightness of the stars, 542; principles 
upon which their visibility depends, 543; 
various attempts to determine their ap- 
parent diameters, 544; researches on their 
parallax, 546; their proper motions dis- 
covered, 553. ; 

Stars, Double—early observations of, 558; 
observations of Sir William Herschel, 
559; speculations of Michell on the theory 
of, %.; remark of Dr. Hornsby, ¢b.; phy- 
sical theory of, first established upon ob- 
servation by Sir William Herschel, 560; 
recent researches of astronomers on the 
subject, 560-563. 

Struve, F. W. G.—Determines the magni- 
tudes of Jupiter's satellites, 250; assigns 
the dimensions of Saturn’s ring, 260; 
discovers the ring to be eccentric, 262; 
determines the maximum value of aber- 
ration, 840; appointed director of the 
Observatory of Pulkowa, 505; rescarches 
on the parallax of the fixed stars, 550; 
determines the parallax of « Lyra, 551; 
observations of double stars, 561; re- 
searches on the. physical constitution of 
the Milky Way, 577; speculations on the 
extinction of light in its passage through 
space, 578. 





| Struve, Otto—Researches on the mass of 


Neptune, 287 ; investigates the quantity 
and laws of precession, 320; researches 
on the motion of the solar system in space, 
556. 


Taylor, Brooke—investigates the mathema- 
tical theory of refraction, 327. 
Telescope—early notions of, 515; Bacon, 
ab; Digges, 516; Battista Porta, 74.; De 
Dominis, 7.; first executed in Holland, 
517; varions accounts of its origin, ¢.; 
researches of Van Swinden on the subject, 
518; Galileo constracts a telescope, 520; 
his mode of ascertaining the magnifying 
power, 521; he was not an independent 
inventor, 522; remarks upon the Dutch 
telescopes, 523; telescopes introduced into 
England, 524; refracting telescope ex- 
plained by Kepler, 525; first executed by 
Scheiner, 2.; first employed in astro- 
nomical observations by Gasco'gue, cb, 
improvements in its constrnction, (3 
Huyghens, .;-Campani, 526; Auzout, 
#,; veflecting telescope, 7.5 first exe- 
cuted by Newton, 527; improvements in 
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its construction, 529; views of Newton 
on chromatic aberration, 531; he pro- 
nounces any further improvement of the 


refracting telescope to be desperate, thes | 


researches of Doliond on the dispersion of 


light, 2. ; constructs achromatic telescopes, 


532; instruments of this description pre- 
viously executed by More, 533; reflecting 
telescopes of Herschel, ib. ; improve- 
ments in the construction of refracting 
telescopes, 535; Guinand, ab.; Frauen- 
hofer, #5. 

Lord Rosse, <b. 

Telescopic Nights—first employed by Gas- 
coigne, 454. 

‘Tides—shewn by Newton'to be a necessary 
consequence of the principle of gravita- 
tion, 26; researches of Euler, 71; Mac- 
lnurin, #.; Bernouilli, i; Laplace, #.; 
researches of Whewell, 162, 

Yransit Instrument—invented 
401, 

Transit Observations—recorded in America 
by means of electro-magnetiam, 506. 

Transyersals, Method of—invented, 442, 


by Roemer, 


Uranus ~—carly observations of, 164; tables 
calculated by Delambre, 165; irregula- 
tities in the longitude of the planet, 7. ; 
tables of Bonvard, i.; impossibility of 
reconciling the modern with the ancient 
observations, 7. ; 
exterior planct suspected, 7.3 radius 
Yeetor shewn to be erroneous, 167; the 
irregularities attract the attention of Bes- 
sel, i6.; rescarches of Adams on the same 
subject, 168 
bation, 169; results obtained by Adams, 
173; new tables calenlated by Eugene 
Bouvard, 174; they fail to account for 
the irreyularities of the planet, 175; 
theory of the planet investigated by Le 
Verrier, 175; the results obtained by 
him are found to be incompatible with 
the observations of the planet, 177; the 
researebes of Le Verticr on the hypothesis 
of a disturbing planet, 178; first results 


“which he obtained, 183; search for the H 


new planet undertaken by Prof. Challis, 
185; second invest on of Le Verrier, 
187; final results obtained hy him, 188 ; 
they are transmitted to the astronomers 
of Berlin, 191; discovery of the exterior 
planct by Dr. Galle, T92; account of 
Prof. Challis’ search for the planet, 2, ; 
his observations had etfwctually sccured 
it, 193; reflections on the comparati 
merits of the two geometers who a: 
the position of the exterior plunet, 197; 
discovered by Herschel, 272; tirst sup. 








Reflecting telescopes, 586; 


the existence of an | 


5 inverse problem of pertur- | 
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posed to be a comet, 273; difficultics 
experienced in dctermining its orbit, 20.3 
discovered to be a planet, 274 ; its appa- 
Tent diameter measured, 275; elements 
of ita orbit determined, .277 ; suspected 
to be spheroidal, 7%.; determination of ita 
ellipticity by Midler, 278 ; suspected to 
be encompassed by a ring, 2b, 

Uranus, Satellites of—Discovery of two 
satellites by Herschel, 279; the clements 
of their orbits determined, 280; orbita 
found to be almost perpendicular to the 
ecliptic, 282; their motion found to he 
yetrograde, %.; discovery of four ad- 
ditional satellites, 2, 3 physical observa- 
tions of the, 284; researches of Sir John 
Kpechel, 285; Lamont, iJ, ; observations 
of Lassell, 286; Otto Struve, 2. (See 
Appendix.) . 


Valz—Speculations of, on the identity of 
the comets of Lexel! and Faye, 139; 
suspects the existence of a planet beyond 
Uranus, 166, 

Variation of Elements—Method of the, in- 
vented by Euler, 49, 

Venus—Perturbations of, investigated hy 
Laplace, 126 ; long inequality discovered 
by Airy, 127; mass of determined by 
various enquirers, i.; her phases dis 
covered by Galileo, 233; her rotation 
round a fixed axis discovered, 234; vari- 
ous determinations of the timo of rota 
tion, 234, 285; mountains on her surface, 
th.; atmosphere surrounding her, <b, 

Venus, Transits of —Transit predicted by 
Kepler, 415; transit of, 1639, observed 
by Horrocks and Crabtree, 421; physical 
appearances noticed during the transits of 
1761 and 1769, 429. 

Vernier—Invention of the, 446, 


Wallis—prepares the writings of Horrocks 
for publication, 423 ; suggests 2 method 
for determining the parailax of the fixed 
stare, 548, 

Wargentin—his researches on the Motions 
of Jupiter's satellites, 83; observes the 
Junar eclipse of 1761, 413. 

Wheweil—Kescarches on the tides, 162, 

Wilson, Dr.—his theory of the svlar spots,220, 

Wollaston—experimental researches on the 
light of the stars, 547, 

Wright—adopts the hypothesis of a central 
sun, 558; theory of the Milky Way, 573, 

Wrottesley—exccutes a catalogue of stars, 
513. 





, Zach, De—ealculates tables of aberration and 


autation, 343, 





ADDITIONS AND CORRECTIONS. 


Pau vi, line 2 from top, for Ferdinand, read Frederick. 


” 


20, line 34 from top, for into, read in. 


yw», 51, line 43 from top, for has read have. ‘ 


” 
» 
” 
” 


” 


» 


‘70, line 21 from top, for that, read twice that. 

70, line 9 from bottom, for 10”, read 18”. 

81, line 1 from bottom, after Sciences read 1707. ‘ 

81, line 9 from bottom, for Pond, read Pound ; read also similarly pp. 84, 130. 

82, line 4 from top. Bradley’s tables of Jupiter's satellites, although not published 

till 1749, were printed off in 1719. His discovery of aberration did not occur 
till a few years afterwards. This circumstance accounts for the erroneous value 
which he assigned to the equation of light in his tables, 

119, line 20 from top, for third, read first. 

122, line 9 from bottom, for September read June. 

150, line 2 from bottom, for 62° read 52°, 

172, line 34 from top, for 1846 read 1845. 

188, line 6 from bottom, for may read yyy. 

197, line 1 from top, for 1850 read 1851. 

212, line 18 from top. The utility of the transits of the inferior planets for deter- 
mining the solar parallax was first announced by James Gregory. (p. 428.) 
Halley merely pointed out the peculiar advantages which the transits of Venus 
offered for this purpose. 

217 lines 4 and 5 from top, for pole read axis. 

253, line 17 from top, for 45 read yh. 


w 415, line 1 from top, for Vitellionem read Vitellion. 


” 


512, line 27 from top. The stars of M. Riimker's great catalogue have been 
observed at Hamburgh: they are consequently visible in the northern hemis- 
phere, 

542, line 3 from bottom, for 1.6 read 1.2, 

543, line 2 from top, for 2.014, which is equal to 1.6 + 414, read 1.614, which 
is equal to 1.2 4 414, 
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